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ABSTRACT
A k in e t ic  and an empirical study of  the e f fec ts  o f  nickelous 
ion on the deposition process of  copper in a copper su l fa te+su l fu r ic  
acid system was made.
The empirical experiments indicate that  nickel ion has no e f fe c t  
on the current e f f ic ie ncy  o f  the deposition process nor on the p u r i ty  o f  
the deposit .  I t  does have an e f fe c t  on the morphology o f  the deposit  
and the ce l l  voltage. A system of grading the qu a l i t y  of  the deposit  
was developed. This system resu l ts  in a Reference Number, R, which 
describes the experimental condit ions o f  deposit ion. The qu a l i t y  of  
the surface o f  the deposit  is given by the Surface Index, Q. Correla­
t ion  between R and Q are given along with the four d iv is ions  o f  the 
q u a l i t ie s  o f  the deposits.
An increase in the nickel concentration gives deposits tha t  are 
less s a t i s fa c to r y . This e f fe c t  becomes greatest at high current densi­
t i e s .  At a current density o f  19.1 amps/ft^, good deposits are obtained 
at a l l  nickel concentrat ions regardless of the copper concentrat ion.
p
At 37.0 and 56.1 amps/ft the control o f  the copper concentration becomes 
c r i t i c a l  and less sa t is fac to ry  deposits are obtained when the copper 
concentration is below a cer ta in  minimum.
A l l  concentrations o f  the nickel ion increase the ce l l  voltage at
p p
a current density o f  19.1 amps/ft . I t  is lowered at 37.0 amps/ft i f  
the nickel concentrat ion is not above 1 gram per l i t e r .  At concentrations 
higher than 1 gram per l i t e r  the ce l l  voltage is increased. At a current
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p
density of  5C.1 amps/ft '1 the nickel concentration lowers the ce l l  voltage. 
Al l  increases and decreases in the ce l l  voltage are re la t i v e  to the ce l l  
voltage when no nickel is present in the e le c t ro ly te .  At a l l  current 
densi t ies the nickel s tab i l ized  the ce l l  voltage at a value tha t  was i n ­
dependent o f  the copper concentrat ion.
The k in e t ic  studies ind icate  tha t  nickel increases the exchange 
current density o f  the copper + copper su l fa te  + s u l f u r i c  acid system.
These studies ind icate  that  the nickel influences the amount o f  energy 
required fo r  the charge-transfer process. I t  lowers th is  energy re­
quirement and thus allows the reaction to proceed by a one-step 
charge-transfer process at nickel concentrations o f  approximately 10 
grams per l i t e r .  This concentrat ion is independent o f  the copper con­
cen tra t ion .  The reaction reverts back to a two-step charge-transfer 
process at high nickel concentrat ions ( approximately 15 grams per l i t e r  ).
A theory is proposed to explain th is  behavior. This theory 
proposes tha t  the lowering in the energy is accomplished through e i th e r  
or a combination o f  two fac to rs :  1 ) the stre tch ing o f  the copper-water 
bond by the presence o f  nickel ions, and/or 2 ) the lowering o f  the work 
function o f  the metal electrode in the presence of nickel ions. I t  is 
also proposed that the nickel ions bu i ld  up in concentrat ion near the 
cathode and act as a b a r r ie r  that  a f fec ts  the m ob i l i t y  o f  the copper 
ions. The energy lowering e f fe c t  and the ba r r ie r  e f fe c t  j o in  to pro­
duce forces that inf luence the system so that  i t  acts in the manner tha t  
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In a recent publ icat ion ( Rosenbaum, 1968 ) ,  the Research Direc­
to r  of  the Sal t Lake City Metal lurgy Research Center, Mr. J. B. Rosen­
baum stated:
"There is l i t t l e  prospect fo r  the displacement o f  concen­
t ra te  smelt ing by electrometa l lurgy. However, leaching of  
copper from ores and waste dumps is increasing sharply. Most 
of the copper so dissolved is removed from solu t ion by 
cementation on scrap iron and charged to the smelter. An 
a l te rna t ive  route, receiving increasing a t ten t ion ,  is to 
prepare and enriched solut ion fo r  copper electrowinning by 
solvent extract ion of  the d i lu te  leach solut ion or by 
disso lv ing the cement copper in ce l l  e l e c t r o l y t e . "
The two important words to take note o f  from the above quote are- 
copper e lectrowinn ina. I t  was the in ten t  o f  th is  author to conduct 
research which would be of  pract ica l  value to both the copper e le c t ro ­
winning and e le c t ro re f in ing  industr ies .
In the la s t  ten years the to ta l  production of  re f ined copper has 
grown from 1,679,362 tons in 1961 to 1,985,202 tons in 1969. However, 
the copper produced by e le c t r o l y t i c  means has dropped during th is  same 
time period. In 1961 e le c t r o l y t i c  copper accounted fo r  90.4% o f  the 
re f ined copper output of  the United States. This f igu re  dropped to 
88.3% in 1969. These f igures can be compared to the f igures of  1950 
which show that  e le c t r o l y t i c  copper accounted fo r  93.5% o f  the re f ined 
copper output.
During th is  same time period the price o f  e le c t r o l y t i c  copper 
increased sharply. At the end of  1961 the pr ice was 31.00 cents per
1
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pound whereas in September 1969 the price had r isen to 52.12 1/2 cents 
per pound. This is almost a twofold increase during a very short time 
period.
Many reasons can be given fo r  the increase in pr ice and decrease 
in production of  e le c t r o l y t i c  copper. I t  is not the in ten t  of  th is  
author nor o f  th is  research to investigate the economics of  copper pro­
duction. However, i t  is necessary to point out that  with such a state 
o f  a f f a i r s  i t  behooves the copper industry to know as much as possible 
about t h e i r  operating parameters.
I t  is  also important to show the increasing tendency and need of  
the copper industry  to go to hydrometal 1 urgical processes fo r  producing 
copper. Many new plants using p r im ar i ly  hydrometallurgy and s p e c i f i ­
c a l ly  electrowinning of  copper as a recovery means have been developed 
in recent years. In Zambia, A f r i c a ,  the Chambishi RLE plant was re ­
cently  b u i l t  and uses the Chambishi Process fo r  the roasting, leaching 
and electrowinning o f  copper ( Verney, 1968 ).
In March o f  1S68 the f i r s t  commercial copper l i q u id  ion ex­
change and electrowinning plant was opened in the Bluebird Mine in 
Miami, Arizona ( Power, 1970 ). In i t s  f i r s t  year i t  produced 
9,000,000 pounds o f  cathode copper.
There are also many copper re f ine r ies  throughout the world.
These re f ine r ie s  encounter many of  the same problems that are encount­
ered at electrowinning operations. In a typ ica l  re f ine ry  there are 
e ight major impur i t ies to cope wi th . They are: gold, s i l v e r ,  selenium, 
te l lu r ium ,  arsenic, antimony, lead and n icke l .  These same impuri t ies 
also show up in many electrowinning plants. Table 1 shows some
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typica l  e le c t ro ly te  analysis from various plants.














Bi 0.16 0.14 0.04 ------ ------
Ni 2 . 0 4.0 0 . 6 21.49 18.09 5.15
As 0.3 ------ ------ 13.72 16.80 6.96












------ ------ ------ ------
------ ------ ------ ------
Table 2 shows some typ ica l  nickel analysis of copper anodes used 
in e le c t ro re f in in g  ( Mantel 1 , 1950 ).
Various e f fec ts  o f  many of  these impurit ies have been known fo r  
many years. In the re f ine ry  process Se and Te go in to  the slimes and are 
recovered la te r .  Lead prec ip i ta tes  as PbS0 4 . Arsenic remains in the 
e le c t ro ly te  as arsenic acid. Antimony can form H3Sb03 which reacts with 
the arsenic to produce basic antimonious arsenate compounds. Nickel 
remains in the e le c t ro ly te  as a su l fa te .
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Table 2: Typical Nickel Analysis o f  Copper Anodes Used In 
e le c t ro re f in in g .
% Ni
American Smelting and Refining, Barber, N.J. 0.038
American Smelting and Refining, Balt imore, Md. 0.08
American Smelting and Ref in ing, Tacoma, Wash. 0.14
Anaconda Copper Mining Co., Great Fa l ls ,  Mont. 0.030
In ternat iona l  Nickel Company o f  Canada, L td . ,
Copper C l i f f ,  Ontario 0.48
I t  is  obvious from the foregoing that  nickel is usual ly present 
in both electrowinning and e le c t ro re f in in g .  Very l i t t l e  work has 
ac tua l ly  been done to determine ju s t  what e f fec ts  the nickel has on 
copper e lectrodeposi t ion.  I t  is known that with an increase in the 
nickel ion content of  the e le c t ro ly te ,  there is  an increase in nickel 
in the f in ished product. This is  shown in Figure 2. This nickel in 
turn has an in ju r ious  e f fe c t  on the conduct iv i ty  of the f in a l  copper 
product. Tin’ s is shown in Figure 1 which shows a p lo t  o f  the percent 
conduct iv i ty  o f  copper as a funct ion of the amount of  added n icke l .
Kern and Chang ( Kern and Chang, 1922 ) conducted research in 
1922 in which they found that  arsenic, i ron and nickel decreased the 
conduct iv i ty  of a CUSO4 - N0SO4 e le c t ro ly te .  The resu l ts  of th e i r  
work indicated tha t  the iron and nickel content of the e lec t ro ly te  









$ $ % added r: $
5 ^ nickel





% N i 8  As in eiectro/yte
0 .000 652
EFFECT OF NICKEL AND ARSENIC 
ON PURITY OF COPPER WIRE BAR
FIGURE 2
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Skowronski and Reinoso ( Skowronski and Reinoso, 1927 ) 
repeated the work o f  Kern and Chang. They were able to derive equa­
t ions fo r  predict ing the increase in r e s i s t i v i t y  o f  a H2 SO4 e le c t ro ­
ly te  with various addit ions o f  copper, nickel i ron and arsenic.
Using a standard e le c t ro ly te  o f  150 gpl H2 SO4 at a temperature o f  
55 °C, each one gram o f  added n icke l ,  copper, i ron and arsenic pro­
duced the increase in r e s i s t i v i t y  shown in Table 3.






In none o f  the previous research was there any ind ica t ion  of  what 
e f fec ts  nickelous ion has on the morphology of  the deposit  or the 
e f f ic ie n c y  o f  the process. Nor was there any work tha t  i l l u s t r a te d  how 
important nickel is  to the basic deposition process. I t  was the in tent ion  
o f  th is  research to investigate  these factors .
T-1418
SURVEY OF THE LITERATURE
Much o f  the e a r l i e r  work conducted in the f i e l d  o f  electrodep­
os i t ion  o f  copper has been concentrated in the area of  studying such 
impur i t ies  as those that  are added in te n t io n a l ly  in order to produce a 
cer ta in  type of  deposi t ,  i . e .  ge la t in  and other organic addi t ives.
These addit ives are used to produce e i ther  b r igh t  or smooth deposits.
In the study o f  the k ine t ics  o f  electrode reactions a l l  o f  the v/ork 
concerned with copper has concentrated on systems using solut ions 
having only copper as the main cation present in so lu t ion .
Organic Addit ives 
A great deal o f  work has been done on the e f fec ts  of organic 
addit ives in the copper e lectrodeposit ion process. I t  was not the pur­
pose o f  th is  work to investigate  any organic substances. The reader 
however, can be referred to several f ine  works on th is  subject. These 
works provide a good s ta r t ing  point  fo r  studying " in h ib i to r s "
( Bockris and Razumney, 1967 ) and ( Vet ter,  1967 ).
Cation And Anion I mpu r i t ie s
Conductiv i ty and Cell Voltage Measurements
Some work has been done in f ind ing what e f fec ts  certa in anions 
and cations have on various aspects o f  the electrodeposit ion process. 
Most, i f  not a l l  o f  th is  e a r l i e r  work deal t  with the e f fe c t  each
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impurity had on the propert ies o f  the e le c t ro ly te ,  e.g. spec i f ic  con­
d u c t i v i t y .  Kern and Chang ( Kern and Chang, 1922 ) published a paper 
in 1922 in which they gave deta i led information on the conduct iv i ty  of 
e lec t ro ly tes  used in copper re f in in g .  They studied the e f fec ts  of 
arsenic, nickel su l fa te  and ferrous sul fa te  upon the conduct iv i ty  of the 
e le c t ro ly te .  They found in th e i r  work that  the presence of  nickel 
su l fa te  depressed the conduct iv i ty  of the e le c t ro ly te .
Skowronski and Reinoso ( Skowronski and Reinoso, 1926 ) in 1926 
took the w'ork o f  Kern and Chang a step fu r the r .  In th e i r  work they 
also studied the e f fec ts  of  copper, n icke l ,  i ron and arsenic on the 
conduct iv i ty  o f  the e le c t ro ly te .  However, they were able to obtain 
re la t ionsh ips which enabled them to provide a means of ca lcu la t ing  the 
conduct iv i ty  of  an e le c t ro ly te  given i t s  chemical analysis. Their ca l ­
culated values fo r  the conduct iv i ty  gave resu l ts  which were w i th in  
±1% of the actual measured conduct iv i ty .
Rouse and Aubel ( Rouse and Aubel, 1927 ) in 1927 published a 
paper concerned with the ce l l  voltages in copper re f in in g .  In th e i r  
work they investigated the ef fects  o f  temperature, acid concentra t ion, 
copper, nickel and arsenic concentrat ion and also the e f fe c t  o f  glue. 
They found that  the addi t ion of the metal impuri t ies increased the re­
sistance o f  the e le c t ro ly te .  However, they also found tha t  in the case 
of nickel there was a decrease in the po lar iza t ion  voltages ( as nickel 
was added to so lu t ion ) which overcame the increase in the e le c t ro ly te  
resistance. This produced voltages which were lower than would be ex­
pected. They found that  th is  e f fe c t  reached a minimum ( minimum in
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to ta l  ce l l  voltage ). Then an increase in nickel concentration pro­
duced an increase in resistance v/hicii was more than the depolariz ing 
e f fe c t  o f  the nickel and therefore , the to ta l  ce l l  voltage again in ­
creased. This was the f i r s t  case in which a behavior such as th is  had 
been noted.
Other work has also been done in the area of  voltage studies o f  
copper re f in ing  e le c t ro ly te s .  In pa r t icu la r  the work of  Fink and 
Ph i l ipp i  in 192G ( Fink and P h i l i p p i ,  1926 ). Their main concern and 
tha t  of  others was the e f fec t  of  ac id, temperature and copper concen­
t ra t io n  on the to ta l  ce l l  voltages. Mo attempt was made to i n t r o ­
duce any impur i t ies .
Electrodeposit ion
Very l i t t l e  work on the actual copper e lectrodeposi t ion process 
wi th impuit ies other than organic ones has been done. Gauvin and 
Winkler ( Gauvin and Winkler, 1952 ) in 1952 published a paper con­
cerned with the e f fe c t  o f  chloride ions in the electrodeposi t ion of  
copper.
Sheir and Smith ( Sheir and Smith, 1952 ) in 1952 published a 
series of  papers concerned with cathodic po lar iza t ion  during copper 
e lectrodeposi t ion.  Although th e i r  work was not directed at inves t iga t ­
ing the e f fec ts  o f  any impur i t ies i t  gave some very in te res t ing  resu l ts .  
They found that the methods of  preparation and storage of  an e le c t ro ly te  
so lu t ion  and the time of  storage had a d e f in i te  e f fe c t  on the "constant 
state po la r iza t ion  p o te n t ia l " .  They found that  f resh ly  prepared solut ions 
gave a f ine  copper deposit with a high po lar iza t ion  value. Whereas
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those solut ions stored p r io r  to use resulted in a coarse deposit and 
a lower value for  the po lar iza t ion  po ten t ia l .  They suggested that 
these ef fec ts  were due to the presence of an oxid izable su l fu r  com­
pound.
Edwards and Wall ( Edwards and Wall, 1966 ) in 19G6 studied the 
e f fec ts  of  cer ta in  impur i t ies  on the energy requirements fo r  copper 
e lectrodeposi t ion.  They found that  the presence in solu t ion of t y p i ­
cal re f ine ry  impur i t ies had no s ig n i f ic a n t  e f fe c t  on the energy requ ire­
ments .
Tuddenham and Sorensen ( Tuddenham and Sorensen, 1969 ) con­
ducted work to invest igate the e f fec ts  of  copper, i ron ,  aluminum and 
acid concentrat ions on the q u a l i ty  of  electrowon copper. They demon­
stra ted tha t  the e f fec ts  o f  these impuri t ies were dependent on the type 
of  c i r c u la t io n  present in the c e l l .
Electrode Kinetics
General Kinetics
Except fo r  a few ear ly  papers on the subject , electrode k ine t ics  
has been a subject that  has evolved only w i th in  the la s t  20 years. In 
1938 Agar and Bowden ( Agar and Bowden, 1938 ) published a paper on the 
subject o f  the k ine t ics  o f  electrode reactions. Their paper set fo r th  
some o f  the very basic concepts deal ing with electrode k ine t ics .
In 1951 Parsons ( Parsons, 1951 ) attempted to deal wi th the sub­
je c t  on a purely theore t ica l  basis and derive some general equations to 
describe the rate determining step in any electrode process.
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Conway and Bockris ( Conway and Bockris, 1958 ) in 1958 published a 
paper in which they discussed the mechanism of  e lectrodeposi t ion. Their 
main concern was the invest iga t ion  of  the most l i k e l y  path a deposit ing 
ion would fo l low.
K ineti c s of  Copper Electrodeposit ion
Mattsson and Bockris ( Mattsson and Bockris, 1959 ) in 1959 
investigated the k ine t ics  o f  copper deposition and d isso lu t ion  in a 
copper su l fa te  solu t ion using galvanostat ic  techniques. Their resu l ts  
ind icated that at low current densit ies the rate con t ro l l ing  step was 
the surface d i f fu s ion  of  adions. Whereas at higher current densi t ies 
the ra te c o n t ro l l ing  step was the charge-transfer process between Cu++ 
and Cu+ .
This same system was investigated in more de ta i l  by Bockris and 
Kita ( Bockris and K i ta ,  1962 ) in 1962. They investigated the depend­
ence o f  the charge-transfer and surface d i f fus ion  steps on the nature of  
the surface. They found that at low current densi t ies the rate deter­
mining step fo r  electrodeposited and oxide f i lm  surfaces v/as a combina­
t ion  o f  both surface d i f fu s ion  and charge-transfer. However, at higher 
current densi t ies the rate determining step is predominantly charge-trans­
fe r .
For surfaces prepared by quenching the copper in e i the r  a helium 
or hydrogen atmosphere they found tha t  the rate determining step at low 
current densit ies is surface d i f fu s ion  and at high current densit ies i t  
is charge-transfer.
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In 1962, fiurlen ( Murlen, 1962 ) investigated the k ine t ics  of 
i ron ,  zinc and copper electrodes. Mis f ind ings are concerned wi th a 
t ra n s i t io n -s ta te  theory o f  ac t iva t ion  contro l led reactions at the elec­
trode. He considered both electrodeposit ion and d isso lu t ion .  His 
f ind ings are in c o n f l i c t  with those of  Bockris and Kita and of Mattsson 
and Bockris.
Hone of  the foregoing investigations have deal t with the problem 
of  what e f fe c t  a second ion has on the k ine t ics  of  the electrode reaction.
Anodic Disso lu t ion  o f  Copper
Some work has been done in the f i e l d  o f  corrosion that  deals wi th 
the area of  anodic d isso lu t ion  of  copper. Most o f  th is  v/ork deals p r i ­
mar i ly  with the environment(s) that most read i ly  produce or reduce the 
corrosion of  copper. Although these studies are not directed at the 
k ine t ics  o f  d isso lu t ion  they are he lp fu l .
Ives and Rawson ( Ives and Rawson, 1962 ) published a paper con­
cerned with copper corrosion. Their paper is a very deta i led one in 
which they explore four areas of  copper corrosion : 1) thermodynamics,
2) k ine t ic  studies, 3) the electrochemical theory o f  general corros ion, 
and 4) the e f fec ts  o f  sal ine addit ions. However, th e i r  main concern 
was that  o f  inves t iga t ing  the corrosion products when dissolved oxygen 
and carbon dioxide were present in so lu t ion.
Jenkins and S t ieg le r  ( Jenkins and S t ieg le r ,  1962 ) in 1962 con­
ducted work on the anodic d isso lu t ion  o f  single c ry s ta l l i n e  copper.
Their work indicated that  the rate o f  d isso lu t ion  was dependent upon the 
defect  s t ruc ture  o f  the electrode.
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A more diverse study by Valeev and IChlopotina ( Valeev and 
Khlopotina, 1969 ) was conducted in order to study the re la t ionsh ip  o f  
the mechanism of  d isso lu t ion  and the d i f fus ion  layer.  Their work i n d i ­
cated that  there is a l i g h t - s e n s i t i v e  f i lm  on the electrode surface 
which plays an important part in the mechanism of smoothing o f  the macro­
r e l i e f  o f  the surface.
In 1970 Lcckie ( Leckie, 1970 ) conducted research on the anodic 
po la r iza t ion  behavior o f  copper. His research was directed at in v e s t i ­
gating the po la r iza t ion  behavior of  copper under various pH environ­
ments. His f ind ings are important in that they ind icate tha t  in acid 
solu t ion there is no formation o f  a protect ive f i lm  on the copper 
surface.
The anodic d isso lu t ion  o f  copper at high current densit ies was 
investigated by Landolt,  Muller and Tobias ( Landolt, Muller and Tobias, 
1971 ).  However, the main aim of  th e i r  research was to f ind  a s a t i s ­
fac to ry  method o f  experimental ly determining the anodic behavior at 
high current dens i t ies .
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EXPERIMENTAL APPARATUS AND PROCEDURES
This invest iga t ion  was conducted in two separate phases:
1) empir ical experiments and, 2) po la r iza t ion  experiments. The empir­
ical experiments were conducted in order to obtain information on the 
e f fec ts  o f  nickelous ion on the p u r i t y  and morphology of the deposit .
The e f fec ts  o f  nickelous ions on the cel l  voltage and current e f f ic ie ncy  
was also determined. The po la r iza t ion  experiments were conducted in 
order to obtain basic information helpful in determining the k ine t ics  
o f  the electrode reaction with nickelous ions present.
Empirical Experiments
Equipment
A schematic diagram o f  the equipment is shown in Figure 3 and 
a photograph of  the set-up is shown in Figure 4. The constant current 
source was a Hewlett-Packard, D.C. power supply, Model 6201B. The 
ammeter was a Weston, Model No. 1. A p lo t  o f  cathode to anode voltage 
was made using a Speedomax, Type G recorder. Since th is  recorder was 
made to handle only 50 m i l l i v o l t s  f u l l - s c a le  load, i t  had to be connected 
to the electrodes through a voltage d iv ide r .  This enabled trie recorder 
to record voltages of  0 to 4 vo l ts .  This voltage d iv ide r  is not shown in 
Figure 3, but is placed between the recorder and the electrodes.
Cathode to anode voltages were also measured using a Hewlett-Packard 
d ig i t a l  voltmeter Model 3430A. The t imer shown was used in order to
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calcu la te the current e f f ic ie n cy  of each tes t .  I t  was connected in 
series with the power to the d.c. power supply. This was done in order 
that  the timing of the tests  would s ta r t  the instant  power was supplied 
to the electrodes. The t imer was capable of reading to ±0.01 minute.
The constant temperature bath consisted of a concrete container 
two feet  deep by two feet  wide by two feet long with walls one inch 
th ick .  The heating medium was water and was c i rcu la ted  by means of  a 
submersible pump located in the center of  the bath. Heating was pro­
vided by two, 250-watt immersible heaters. Power to the heaters was 
contro l led  by a Versatherm Electronic Temperature Control Relay Model 
2149 which was connected to a JUMO temperature sensor. The temerature 
sensor i t s e l f  was located in the c e l l .  This equipment was capable of  
maintaining ce l l  temperatures constant to w i th in  ±0.5 °C. A l l  empir­
ica l  tests were run at 25 °C.
The e le c t ro ly s is  ce l l  consisted of a p lex ig las box as shown in 
Figure B . l ,  Appendix B. The electrode holders are also shown in 
Appendix B, Figure B.2. The magnetic s t i r r e r  consisted o f  a laboratory 
model magnetic s t i r r e r  which was encased in a waterproof p lex ig las box. 
I t  was designed ( see Appendix B, Figures B.4 and B.5 ) so tha t  a re ­
peatable pos i t ion ing o f  the e le c t ro lys is  ce l l  could be made upon i t .
This was done in order to assure constant s t i r r i n g  cha rac te r is t ics  
between tests and during the complete set of  empirical experiments. The 
speed of the magnetic s t i r r e r  was contro l led by a Variac a.c. t ra ns fo r ­
mer. The s t i r r i n g  bar was Teflon coated to avoid contamination of  the 

















































bridge and a Leeds-Northrup conduct iv i ty  ce l l  with p la t in ized elec­
trodes and a ce l l  constant o f  1.096 cnT^.
Materials
The cathodes consisted o f  copper reagent f o i l  0.005 inches in 
thickness. The p u r i ty  of  the f o i l  was 99.95 to 99.99% copper wi th an 
analysis as shown in Table 4.
Table 4: Analysis of  Copper Foil Used fo r  Empirical Electrodes.
Element Percentage
Cu 99.95
Insoluble in HNO3 0.004
Sn 0.005





Ag 0 . 0 0 0 2
The anode consisted of  pure platinum f o i l  0.003 inches in t h ic k ­
ness. A l l  chemicals used were o f  reagent grade. The source of copper 
in so lu t ion  was cupric s u l fa te ,  CuS0 4 *5112O. The source of  nickelous ion
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was frc.ni nickelous su l fa te ,  NiSO/pGH^O. A l l  water used was t r i p l e  d is ­
t i l l e d  and then deionized by passing i t  through Amber!ite MS-3, a 
ca t ion ic  and anionic exchange resin.
Procedure
At the s ta r t  of  the invest igat ion tests  were run with one anode 
located between two cathodes. D i f f i c u l t i e s  arose from th is  arrangement 
and the procedure was abandoned. These d i f f i c u l t i e s  are reviewed in 
Appendix G. The next stage in the invest iga t ion  was to use only one 
cathode. The procedure was to run a tes t  at  a speci f ied i n i t i a l  copper, 
nickel and acid concentrat ion using a specif ied current density and 
deposit ing one gram o f  copper. D i f f i c u l t i e s  were encountered using th is  
procedure and i t  'was also abandoned. These d i f f i c u l t i e s  are reviewed 
in Appendix G. The fo l lowing procedure was f i n a l l y  used and worked 
s a t i s f a c t o r i l y .  The empirical resu l ts  o f  th is  invest iga t ion  are based 
on data obtained using th is  procedure.
A prepared sample was loaded into the ce l l  ( see Appendix D fo r  
de ta i led information on sample preparation and loading ). The ce l l  was 
then f i l l e d  wi th 1400 ml o f  e le c t ro ly te  which had previously been a l ­
lowed to reach the operating temperature by being placed in the constant 
temperature bath fo r  4 to 8 hours.
The loaded ce l l  was then fastened in to  the magnetic s t i r r e r  and a 
measurement o f  the conduct iv i ty  v/as made. Power connections to the ce l l  
were then made and the tes t  star ted by switching on the power. The tes t  
was run fo r  such a length o f  time tha t  th e o re t ic a l l y  f i v e  grams of  
copper should have been deposited. ( This was done assuming 100%
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current e f f ic ie ncy  ). The power was then c u t - o f f  and the sample removed 
and washed. The sample was then dried in a desicator f o r  24 hours before 
a f in a l  weight measurement was made. A second sample was then loaded 
in to  the ce l l  using the same e le c t ro ly te  and f i v e  more grams of  copper 
were deposited. This procedure was repeated using successive samples un­
t i l  the deposit obtained was o f  a powdery nature. The e le c t ro ly te  was 
then replaced with one having a d i f f e re n t  chemical analysis. During the 
course o f  each series of  tes ts ,  make-up water was added to keep the 
volume o f  e le c t ro ly te  constant at  1400 ml.
Analysis o f  Solut ions
The analysis o f  nickel in both the f in a l  and i n i t i a l  solut ions 
was done by atomic absorption using a Techtron Atomic Absorption 
Spectrophotometer, Type AA4. Analysis fo r  copper was done by a wet 
chemical analysis using a standard procedure.
The determination o f  pH values was done using a Sargent Model 
DR d ig i t a l  pH meter and e i the r  a Beckman combination pH electrode or 
a Sargent combination pH electrode. The pH meter was standardized be­
fore each use and several times during the series o f  determinations.
Polar iza t ion Experiments
Equipment
The po la r iza t ion  experiments were conducted in a U-tube ce l l  as 
shown schematical ly in Figure 5. Photographs o f  the U-tube and electrode 
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information on and drawings of  the U-tube. Polar izat ion potentia ls  
were suppl ied by a Magna Potentiosta t ( Research Model 4700M ). Poten­
t i a l s  were measured using an E-H Research Labor itor ies Electrometer,
Model 230. This electrometer was connected to the system via the poten- 
io s ta t  to avoid any ground loops. A provision fo r  th is  type of  c i r c u i t  
was b u i l t  in to  the po ten t ios ta t .
The constant temperature water bath was contro l led by a Versatherm 
Electronic Temperature Control Relay working through a JUMO temperature 
sensor and c o n t ro l l in g  power to a 250-watt immersion heater. This sy­
stem was capable o f  maintaining the temperature constant to w i th in  
±0.5 °C.
Materials
A l l  chemicals used were o f  an analy t ica l  reagent grade. The 
water was double d i s t i l l e d  ( but with  no deionization through an ion 
exchange resin ). A l l  weight measurements were made using a Mett ler  
H-Model ana ly t ica l  balance.
The copper used fo r  both the anodes and the cathodes was from a 
commercial e l e c t r o l y t i c a l l y  pure,cold ro l led  copper sheet, 0.025 inches 
th ick .  Samples were made by punching out c i r c u la r  discs 0.530 inches 
in diameter.
Procedure
The fo l lowing procedure was used in running each te s t .  The po­
te n t io s ta t  was allowed a warm-up time of at least  one hour p r io r  to 
each tes t .  The electrometer was kept running continuously throughout
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the po la r iza t ion  experiments in order to keep a stable c a l ib ra t ion .
The U-tube ce l l  was fastened into  the constant temperature bath and 
300 ml o f  e le c t ro ly te  was poured in to  each arm of  the ce l l  ( the elec­
t r o l y te  had previously been allowed to reach the operating temperature 
by keeping i t  immersed in the constant temperature bath fo r  8 to 10 
hours previous to the tes t  ). Purging was then started and allowed to 
continue fo r  45 minutes.
The argon used fo r  purging was commercially pure and dry bot­
t led  argon. To prevent evaporation of  the e lec t ro ly te  during purging- 
the argon was saturated with water vapor p r io r  to entering the U-tube 
c e l l .  The satura t ion was accomplished by bubbling the argon through 
d i s t i l l e d  water using a f r i t t e d  glass tube to produce as many small a r ­
gon bubbles as possible in the v/ater.
The reference electrode used was a saturated calomel electrode.
I t  was connected to the U-tube ce l l  via a s a l t  bridge made as shown in 
Figure C.3, Appendix C. A Luggin-Haber probe was used to obtain poten­
t i a l s  o f  the working electrode. The Luggin-Haber probe consisted of  a 
glass tube wi th an inside diameter o f  0 . 2 0  inches which was drawn to a 
f ine  t i p  having an inside diameter o f  0.05 inches. This glass probe 
was f i l l e d  with a special agar gel as described in Appendix H. Connec­
t ion  between the probe and saturated calomel electrode was completed 
using Tygon tubing f i l l e d  with saturated potassium ch lo r ide .  This tube 
was then connected to a glass vessel in which the saturated calomel e lec­
trode was immersed in saturated potassium chlor ide.
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At the end of  the 45 minute purging period the electrode holder 
containing a prepared sample was inserted into each arm of  the U-tube 
c e l l .  A sample was prepared by f i r s t  cleaning with acetone and r ins ing 
in d i s t i l l e d  water. The cleaned sample was then inserted in to  the 
electrode holder. I t  was then etched with a n i t r i c  acid etchant 
( 1 : 1 ,  water: n i t r i c  acid ). I t  v/as allowed to etch fo r  a period of  
15 seconds. The sample was then rinsed in d i s t i l l e d  water and dried in 
a b las t  o f  a i r .  The purging was then allowed to continue fo r  another 
15 to 20 minutes. This time period allowed the sample to thermal ly 
e q u i l ib ra te .
The purging was then stopped and the two-way valve shown in 
Figure 5 was turned so tha t  the same purging atmosphere entered through 
the glass tubes in the top of  the electrode holders as shown in Figure 
5. This kept an in e r t  atmosphere over the solut ion and prevented any 
oxygen from re-entering the e le c t ro ly te .
The te s t  was then started by applying a potentia l  using the poten­
t i o s t a t .  Each tes t  was star ted at  a potentia l  tha t  resulted in a mea­
sured current of  0.0 to 0.1 mil l iamps ( anodic current ).  This anodic 
current was then increased by ra is ing  the potentia l  in successive steps, 
with the system allowed to reach equi l ib r ium fo r  2 to 5 minutes at each 
step.
The te s t  was continued u n t i l  the l im i t i n g  current was reached.
At th is  time the power was cut and the samples removed and re-cleaned.
The so lu t ion was then re-purged using the same procedure as outl ined 
above. The te s t  was then repeated using the same sample. This pro­
cedure was repeated fo r  each e le c t ro ly te  and temperature condi t ion.
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EXPEfUf-iENTAL RESULTS
The experimental resul ts  from th is  invest igat ion have been d iv id ­
ed in to  two separate categories: 1 ) empirical resu l ts  , and 2 ) p o la r i ­
zation resu l ts .
Empirical Results
E f fec t  of Nickelous Ion on the Current E f f ic iency
I t  was found that the presence of  nickelous ion had no measurable 
e f fe c t  on the current e f f ic ie ncy  o f  the deposition process. E f f ic iency  
measurements were made by ca lcu la t ing  the amount o f  copper tha t  should 
have been deposited th e o re t ic a l l y  and comparing the experimental amount 
to th is  value. The amount o f  copper that  th e o re t ic a l l y  should have been 
deposited v/as calculated by determining the length of time that current 
was suppl ied to the ce l l  under a condit ion o f  constant current. Through 
th is  ca lcu la t ion  i t  was possible to f ind  the number o f  coulombs tha t  had 
passed through the c e l l .  Since 3.2924 x 10"^ grams of  copper are depos­
i ted per coulomb i t  was then possible to calcu late  the theore t ica l  amount 
o f  copper that  should have been deposited.
Experimentally, i t  v/as found that the current e f f ic ie nc ie s  varied 
from 9It  to 95% with no ind ica t ion  o f  nickelous ion having any important 
e f fe c t .  I t  was also found that  ne i ther the amount o f  copper in solut ion 
( w i th in  experimental l im i t s  of  15 - 40 gpl ) nor current density had any
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d iscern ib le  e f fec t  on the current e f f ic ie ncy .  The current density 
varied from 19.1 to 56.1 asf with nickelous ion present and from 19.1 
to 93.3 asf with no nickelous ion present.
When looking at the data in Appendix A i t  can be seen that at the 
lowest current densi ty , i . e .  19.1 asf,  the current e f f ic ie nc ies  were low­
er than fo r  those at higher current dens i t ies ,  i . e .  37.0 and 56.1 asf.
This re s u l t  is contrary to a l l  other previous experimental work. An 
explanation fo r  th is  behavior is  given in Appendix G.
Ef fec t  of  Nickelous Ion on the Morphology
A visual inspection o f  the deposits revealed that nickelous ions 
did have an e f fe c t  on the morphology of  the deposit . I t  v/as also shown 
tha t  current density had a noticeable e f fec t  on the morphology.
The aforementioned inspection indicated that there was a noticable 
pattern to the outward appearance of  the deposits. In order to systemat­
i c a l l y  assemble and corre la te  the conditions of  deposit ion and the r e s u l t ­
ing morphology, two methods fo r  a q u a l i ta t i v e  descript ion of  the deposit  
were devised.
The f i r s t  method defines the experimental condit ions o f  deposit ion. 
I t  takes in to  account the i n i t i a l  copper concentrat ion, the i n i t i a l  
nickel concentrat ion and the current density. Such factors  as tempera­
tu re ,  acid concentrat ion, s t i r r i n g  rate and electrode spacing v/ere not 
accounted fo r  since they remained constant throughout a l l  the experimen­
ta l  tes ts .  This method is based on the d e f in i t i o n  of a "Reference 
Number", R, calculated in the fo l lowing way:
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R = [ C u t n  + Ni++ ] C u f j f  C . D . a c t  (1)
X X -----------------
Cuts C-R-ref
I n i t i a l  copper concentration (gp l ) .
A copper concentration used as a standard o f  compar­
ison (gp l ) .  For th is  invest igat ion a l l  values of  R 
were calculated using a value of  40 gpl fo r  CuJJf.
Nickel concentrat ion (gp l ) .
The actual current density used fo r  a tes t  (as f ) .
A current density (asf) used as a standard of  compar­
ison. For th is  invest igat ion a l l  values of  R were 
calculated using a value of  19.1 asf fo r  C.D.re f .
The Reference Number w i l l  increase as, 1) the nickel concentrat ion in ­
creases, 2) the copper concentration decreases, and 3) the current 
density increases, in re la t ion  to the standard condit ions.
A d i f f e re n t  method was used to describe trie nature o f  the surface 
fo r  each deposit .  I t  was based on a visual comparison of  the deposit  
obtained in each tes t  with a deposit obtained under standard condit ions 
( 40 gpl copper, 0 gpl nickel and 19.1 asf ) and by ascrib ing to i t  a 
“ Surface Index", Q, ranging from 1.0 ( standard conditions ) to 25.0. 
Hence, an increasing Surface Index indicates a progressively less s a t i s ­
fac tory  deposit .
Table 5 shows a tabulat ion o f  R values fo r  various copper and 
nickel concentrations at 19.1 asf. These values are p lo tted in Figure 9 
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Table 5: Reference Humber, R, As A Function Of Copper And Nickel
Concentration.
Nickel Copper Concentration
Cone.  ________ ______ ______ _______ (g p l )
p i ) 40 35 30 25 20 15 10
R R R R R R R
0 1 . 0 0 0 1 .142 1.333 1 .600 2 . 0 0 0 2 . 6 6 6 4.000
1 1.025 1 .175 1.375 1 .663 2 . 1 0 0 2.845 4.400
5 1 .125 1.305 1 .555 1.920 2.500 3.550 6 . 0 0 0
10 1.250 1.470 1.778 2.240 3.000 4.440 8 . 0 0 0
15 1.375 1 .633 2 . 0 0 0 2.560 3.500 5.330 1 0 . 0 0 0
20 1.500 1.795 2 . 2 2 0 2.880 4.000 6.225 1 2 . 0 0 0
Values fo r  R at the two higher current densit ies ( 37.0 and 56.1 
asf ) would fo l low  the same pattern. However, they would have values 
approximately 2 and 3 times as large as fo r  the low current density.
Deposit Quali ty
Four q u a l i t ie s  o f  deposits, depending upon th e i r  Surface Index, 
were defined as shown in Table 6 . Table 7 shows a tabu la t ion o f  the 
Reference Numbers and Surface Indices fo r  a representat ive number o f  
tes ts .  Photographs of actual electrode surfaces with th e i r  Surfaces 


















Table 6 : Quali ty Of Deposit As A Function Of The Surface Index
Surface Index, Q
1 . 0  to 2 . 0
2.1 to 5.0
5.1 to 10.0 
10.1 to 25.0





Characteris t ics 
Of The Deposit







Very rough, poorly 
adherent, s l i g h t l y  
powdery
Surface Index As A Fune t i o n Of The In i t i a 1 Copper Concentrat ion-19.1 asf 
Figures 10,11 12 and 13 show the e f fec t  o f  i n i t i a l  copper concen­
t ra t io n  on the Surface Index. These f igures show tha t  fo r  a current den­
s i t y  o f  19.1 asf and with 0 to 15 gpl n icke l ,  a good deposit could be ex­
pected as long as the copper concentration did not f a l l  below approximate­
l y  22 gpl.  For these same condit ions an acceptable deposit could be 
expected as long as the copper concentration did not f a l l  below approx­
imately 15 gpl.
Surface Index As A Funct i o n Of The I n i t i al Copper Concent r at ion-37.0 asf 
For 37.0 asf Figure 10 shows that a good deposit could be expected 
at copper concentrations of  27 gpl and above when no nickel is  present.
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Table 7: Surface Indices And Reference numbers For Actual
Experimental Tests - 19.1 amps/ft^.
Test No. I n i t i a l
Copper
(gpl)







76 39.8 0 . 0 0 0.995 1 . 0
83 40.2 0.99 1 . 0 2 0 1.1
91 40.2 5.10 1 . 1 2 2 1 .1
99 40.2 17.66 1.432 1 .1
79 30.3 0 . 0 0 1.320 1 . 2
86 31.3 0.S9 1.320 1 .1
94 30.5 5.10 1.530 1 .1
102 29.1 17.66 2 . 2 1 0 1.3
81 2 2 . 0 0 . 0 0 1.820 1.5
88 22.3 0.99 1.874 1 . 6
96 23.3 5.10 2.090 1.7
104 20.9 17.66 3.530 2 . 0
82 17.7 0 . 0 0 2.260 6 . 0
90 14.6 0.99 2.925 6 . 0
98 14.6 5.10 3.690 5.0
106 13.5 17.66 6.830 9.0
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Table 7: Surface Indices And Reference numbers For Actual
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Table 7: Surface Indices And Reference Rubbers For Actual
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Figure 11 however, shows that the in troduction o f  nickel at a concentra­
t ion o f  1 gpl raises the amount of copper that has to be present in s o l ­
ut ion in order to obtain a good deposit.  This l i m i t  is approximately 
3b gpl copper. As the nickel concentration goes up, f igure 12 shows that 
the l i m i t  fo r  the copper concentrat ion is about the same fo r  5 gpl
nickel as i t  was fo r  1 gpl n icke l .  Figure 13 shows tha t  fo r  15 gpl
nickel the l i m i t  is again ra ised,  th is  time to approxiamtcly 39 gpl 
copper. These f igures also show that  to obtain an acceptable deposit  
the lower l i m i t  fo r  the copper concentration is raised as the nickel 
concentrat ion is raised.
Surface Index_as a function of  the In i t i a l  Copper Concentration-56.1 asf 
Figure 10 shows that  fo r  a current density of 56.1 asf a good 
deposit  can never be expected even when no nickel is  present in so lu t ion.  
An acceptable deposit ,  however, can be expected fo r  copper concentrations 
as low as approximately 30 gpl.  With 1 and 5 gpl n icke l ,  Figures 11 and 
12, th is  copper concentrat ion l i m i t  is raised to approximately 33 gpl. 
fo r  15 gpl n icke l ,  Figure 13, the l i m i t  is raised to a point tha t  is 
higher than 40 g p l , which was the highest copper concentrat ion used 
experimental ly.
Surface Index as a function of  Current Density
f igure  14 shows several curves which indicate the inf luence of 
current density on the surface index. With an i n i t i a l  copper concentra­
t ion  o f  40 gpl and with nickel concentrations of  1, 0 and 5 gpl there is 
very l i t t l e  inf luence o f  current density u n t i l  the current density
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readies a value c f  approximately 40 asf. At th is  point  the surface 
index s ta r ts  to increase, However, the deposit remains good up to a 
current density o f  47 asf. With the same copper concentration but 
with a higher nickel concentration ( 15 gpl ) the qu a l i ty  of the deposit 
Legins to decrease at any current density greater than 19 asf and remains 
good only up to a current density o f  38 asf ( a s  shown by curve C,
Figure 14 ). So, an addi t ional  10 gpl nickel lowered the working current 
density by 10 asf in order to obtain a good deposit.
As the copper concentrat ion is lowered to 30 gpl the inf luence of  
nickel concentrat ion s ta r ts  at a lower nickel concentrat ion. This is 
shown by Curve B, Figure 14, which shows that fo r  a nickel concentration 
of 0 to 1 gpl a good deposit is obtained fo r  current densit ies up to 
37 asf. However, fo r  nickel concentrations o f  5 and 15 gpl ( Curves D 
and E respect ive ly  ) the highest l im i t s  fo r  the current density at 
which a good deposit w i l l  be formed are 32 and 25 asf respective ly .
As the copper concentrat ion decreases to 20 gpl Curves F, G and 
H in Figure 14 show that  the e f fe c t  o f  nickel is s t i l l  more pronounced. 
Curve F shows that  even wi th no nickel a good deposit  can only be ob­
tained at current densi t ies lower than 22 asf. Whereas, with 1 gpl 
nickel th is  l i m i t  is  lowered t o . 20 asf and wi th nickel concentrations 
higher than 1 gpl- the current density l i m i t  is lower than any used ex­
perimental ly ( i . e .  19.1 a s f ) .
A comparison o f  Curves B and C, Figure 14, shows tha t  adding 15 
gpl nickel to a so lu t ion having 40 gpl copper ( Curve C ) has approx­
imately the same e f fec t  as lowering the copper concentrat ion, with no 
n icke l ,  from 40 gpl to 30 gpl ( Curve B ). Both condit ions re su l t  in a
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current density l i m i t  of approximately 33 asf in order to obtain a 
good deposit .
Surface Index as a Function of  n i ckel Conce n t ra t io n - 19.1 asf
Curves A through I ,  Figure 15, show the inf luence of  nickel con­
centrat ion on the surface index. These curves show that as the current 
density  increases and as the copper concentration decreases, the i n f l u ­
ence o f  nickel concentrat ion on the surface index becomes greater ( as 
indicated by the increase in the slope of the curves in going from 
Curve A to Curve I ).
Curve A shows that fo r  a current density of  19.1 asf and fo r  
copper concentrations o f  30 and 40 gpl , the nickel concentrat ion has 
l i t t l e  or no e f fe c t  on the surface index. However, as the copper con­
centrat ion is  lowered to 20 gpl ( Curve C ) ,  the nickel concentrat ion 
begins to e f fec t  the surface index. At th is  low copper concentrat ion a 
good deposit  is obtained fo r  nickel concentrations as high as 15 gpl.
Su r f ace Index as a Funct i on of  Nickel Concentrat ion - 37.0 asf
At a current density o f  37.0 asf the nickel concentrat ion had an 
e f fe c t  at a l l  copper concentrations studied, i . e .  20, 30 and 40 gpl.
This is shown in Curves B, D and G, Figure 15. I t  can be seen that 
Curves D and G have approximately the same slope. This slope is greater 
than the slope fo r  Curve B, which indicates that at 30 and 20 gpl copper 
the amount of  nickel present in solut ion has a larger inf luence than i t  
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A comparison of  Curves B and C shows that: they also have a slope 
that  is approximately the same. This indicates that a deposit would be 
obtained at 20 gpl copper and 19.1 asf which would be very s im i la r  to a 
deposit obtained at 40 gpl copper and 37.0 asf when they have approxi­
mately equal levels o f  nickel present. The same could be said i f  Curves 
G and H are compared. A deposit  at 15 gpl copper and 19.1 asf would be 
s im i la r  to a deposit  made at 20 gpl copper and 37.0 asf.
Surface Index as a Function of  Nickel Concentration - 56.1 asf
With a current density of  56.1 asf,  the same general trend is  noted 
as shown in Curves E, F and I ,  Figure 15. However, Curve I shows tha t  
when the copper concentrat ion is lowered to 20 gpl there is a large 
change in the surface index over that which was found fo r  a copper con­
centrat ion o f  30 gpl.  Curve I also has a much steeper slope than any of 
other curves. This ind icates that at th is  current density  the e f fec t  
o f  nickel concentrat ion is  much greater than at the lower current 
d e n s i t ie s .
Surface Index as a Function o f  the Reference [lumber
The re la t ionsh ip  between the surface index and the reference num­
ber R, is shown in Figure 16. This curve shows a general trend that  as 
the reference number increases the surface index also increases. The 
area between the dashed l ines in th is  curve indicates a region in which 
a cer ta in  qu a l i ty  of deposit  would.be expected when experimental condi­
t ions resulted in a certa in reference number. For example, an experi ­
ment with a reference number of  4.0 would resu l t  in a deposit  having a
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surface index of from 3.75 to 5.75. In other words, a deposit having 
a qua l i ty  of somewhere between "acceptable" and "poor" would be expected.
E f /cc t  of  Copper a nd_ j  h' c k_e_l_ _C one on t  r  a t  i o rL _o n 't|i_e JTotaJ C o i l  Voltage
Figures 17 to 20 show various curves which indicate the e f fe c t  of 
both copper and nickel concentrat ion on the to ta l  ce l l  voltage. Figure 
17 shows f i v e  curves representing ce l l  voltage as a function o f  copper 
concentrat ion at f i v e  various current densi t ies. These curves show a 
general trend o f  a decrease in to ta l  ce l l  voltage as the copper concen­
t ra t io n  decreases to an approximate value of 30 gpl.  At th is  point the 
to ta l  ce l l  voltage s ta r ts  to reach a steady state value and remains 
nearly constant down to a copper concentration o f  15 gpl ( which was the 
lower experimental l i m i t  ). These curves show that the i n i t i a l  decrease 
in the ce l l  voltage is fas te r  at the higher current densi t ies ( 93.3,
74.5 and 56,1 asf ). But, at the tv/o lower current densi t ies the decrease 
is slow and very small . At 19.1 asf there is ac tua l ly  very l i t t l e  
change in the ce l l  voltage. These curves represent ce l l  voltages with 
no nickel present in so lu t ion .
_Effe_ctjrf Copper and Nickel Concent ra t io n  on Cell Voltage - 19.1 asf 
At 19.1 asf and with various nickel concentrations Figure 18 
shows that the nickel had l i t t l e  e f fe c t  on the ce l l  voltage. The curves 
in th is  f igu re  indicate that the nickel tended to ra ise the ce l l  voltage 
by a very s l i g h t  amount. The curves also show that the concentrat ion of 
the nickel was not important and only a small amount was needed to
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produce the noticed e f fe c t .  Larger amounts of nickel produced the 
same e f fec t  and the changes were o f  the same magnitude, so fo r  1, 5 
and 15 gpl nickel there was only one curve which represented the e f fe c t  
o f  n i c k e l .
Ef fect  of Copper and Nickel Concentration on Cell Vo l tage - 37.0 asf
At 37.0 asf Figure 19 shows that  the effects  o f  nickel were more 
d ras t ic .  I t  can be seen that fo r  a nickel concentration of  1 gpl the 
ce l l  voltage is lowered s l i g h t l y  below that when no nickel is present, 
however, fo r  5 and 15 gpl nickel a single curve is obtained which shows 
that  the ce l l  voltage is raised s l i g h t l y  over that  when no nickel is 
present.
E f fec t  of Copper and Nickel Concentration on Cell Voltage - 56.1 asf
At 5G.1 asf Figure 20 shows that the concentration of  nickel had 
s t i l l  greater e f fec ts .  I t  can be seen ( lower curve ) tha t  a nickel
concentration o f  1 gpl had the greatest e f fe c t  on the ce l l  voltage. At
th is  nickel concentrat ion and at a copper concentrat ion of  40 gp l ,  the 
ce l l  voltage was lowered by approximately 210 m i l l i v o l t s  from the ce l l  
voltage at the same copper concentration but with no n icke l .  At 25 gpl 
copper, 1 gpl o f  nickel lowered the ce l l  voltage by 100 m i l l i v o l t s  below 
the no nickel value.
For 5 and 15 gpl nickel the lowering of  the ce l l  voltage was less
than fo r  1 gpl.  I t  can be seen tha t  at  15 gpl nickel and at copper con­
centrat ions below 25 gpl there was ac tua l ly  very l i t t l e  d i f fe rence in the
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ce l l  voltage as compared to the no nickel values.
In Figures 1G to 20 i t  is important to note one t i l ing. Unlike 
the ce l l  voltages fo r  tests in which no nickel was present ( Figure 17 ) 
when nickel was present in solut ion i t  s tab i l ized  the ce l l  voltage so 
that  i t  remained constant over 11 o f  the copper concentrations studied. 
Whereas when no nickel was present the ce l l  voltage decreased a certa in 
amount before i t  s tab i l ize d .
Effec t  of  Current Density on the Cell Voltage
The curves in Figure 21 show how the current density affected the 
ce l l  voltage. The curves show a general trend o f  an increase in ce l l  
voltage as the current density is  increased. The curves show tha t  fo r  
no n icke l ,  the ce l l  voltage fo r  a so lu t ion of  40 gpl copper is higher 
at any given current density than fo r  a solut ion with 20 and 30 gpl 
copper. These curves ac tua l ly  represent the same s i tua t ions  as mentioned 
in the three previous sections.
Ef f e c t  of Nickelous Ion on Deposit Pur i ty
The pu r i ty  o f  the deposit was checked by monitoring the amount
of  nickel present in the i n i t i a l  and f ina l  e le c t ro ly te  solut ions during
each tes t .  In no case was there any ind ica t ion  that  any nickel had
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Polar izot ion Pcsul ts
The main resu l t  o f  these tests was the determination of  the 
exchange current densi ty , i o » under various experimental condit ions. 
These condit ions were selected in order to pa ra l le l  those used in the 
empirical section o f  the inves t iga t ion .
Effect  o f  Nickel on the Exchange Current Dens i ty
Figure 22 shows what e f fe c t  nickel had on the exchange surrent 
density at two copper concentrations. The data used to construct the 
curves in th is  Figure are tabulated in Table 8. The curves in Figure 
22 are fo r  experimental ly determined exchange current densi t ies.  These 
exchange current densit ies were determined by p lo t t in g  the corrected 
data ( see Appendix I ) as, overvoltage versus log i ,  where i is the 
experimental current density. The s t ra igh t  l in e  port ion of  th is  curve 
was then extrapolated to zero overvoltage. This in te rsect ion  gave the 
value o f  the exchange current density.
Figure 22 shows that  as the nickel concentrat ion increases the 
exchange current density also increases and reaches a peak at a nickel 
concentration of approximately 10 gpl.  This is true regardless of  the 
copper concentrat ion. A f te r  reaching th is  peak the exchange current 
density gradual ly decreases. These curves also show that  as the copper 
concentrat ion increases the exchange current density increases.
Theoretical and Calculated Values of  t h e Exchange Curren t  Density
E a r l ie r  work on th is  system has shown that  i t  is contro l led by
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Table 8 : I-x peri mental Exchange Current Densities
Test M(3. Tern p. Copper Nickel Ac i d i 0 Average
(°C) ( g p l ) ( g p l ) ( g p l ) (ma/cm2)
(ma/cm2)
1 25 0.0 0.0 49.0 0.07
2 25 0.0 0.0 49.0 0.80
3 25 0.0 0.0 49.0 0.89 0.86
4 25 0.0 0.0 100.0 0.55
5 25 0.0 0.0 100.0 0.46 0.50
6 25 10.0 0.0 100.0 0.94
7 25 10.0 0.0 100.0 0.90
8 25 10.0 0.0 100.0 ------
9 25 10.0 0.0 100.0 0.86 0.90
10 25 10.0 1.0 100.0 0.90
11 25 10.0 1.0 100.0 1.17
12 25 10.0 1.0 100.0 0.40* 1.08
13 25 10.0 5.0 100.0 0.39*
14 25 10.0 5.0 100.0 1.63 1.63
15 25 10.0 10.0 100.0 1.96
16 25 10.0 1Q.0 100.0 2.41 2.18
'*Val u"e s con si do red to be unre l iab le  and were not used in any calculat ion*
or graphs*
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T.-ulo 3: Experimental Exchange Current Densities
Tost No. Temp.
( ° c )
Copper
( g p l )
Nickel
( g p i )
Acid
( g p i ) (ma/cm^)
Average
(ma/crn^)
17 25 10.0 15.0 100.0 1.29
18 25 10.0 15.0 100.0 1.34 1.31
19 25 30.0 0 .0 100.0 1 .92*
20 25 30.0 0 .0 100.0 1.83
21 25 30.0 0 .0 100.0 1 .4 3 * 1.33
22 25 30 .0 1.0 100.0 2.23
23 25 30.0 1 .0 100.0 1 .92 2 .08
24 25 30.0 5 .0 100.0 1 .1 3 *
25 25 30.0 5.0 100.0 1.74 1.74
26 40 30.0 5.0 100.0 3.12
27 40 30 .0 5 .0 100.0 3 .7 9 * 3.12
28 40 30.0 10.0 100.0 2.66 2.66
29 25 30.0 10.0 100.0 3.39
30 25 30.0 10 .0 100.0 3 .30 3.35
31 25 30 .0  15 .0  100.0 2 .55
32 25 30 .0  15 .0  100.0  2 .50  2 .53
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Table 8: Experimental Exchange Current Densit ies
Test No. Temp.
( ° c )
Copper
( g p l )
Nickel
( g p i )
Acid




33 40 30.0 15.0 100.0 3.93
34 40 30.0 15.0 100.0 3.30 3 .62
35 60 30.0 15 .0 100.0 10.51
36 60 30.0 15.0 100 .0 10.51 10.51
37 30 4 .76 0 .0 49 .0 3.62 3 .62
charge-t ransfer overvoltage ( Mattsson and Bockris, 1959) and ( Bockris 
and K i ta ,  1962). From theore t ica l  considerations i t  can be shown
( Vet ter ,  1967 ) tha t  the re la t ionsh ip  between the exchange current
densi ty , the apparent current density and the overvoltage is  given 
by:
i = i 0 [ exp(azFn/RT) - exp{- ( l -a )z F n/RT} ] (2)
Where:
i = apparent current density (ma/cm2).
i’ q = exchange current density (ma/cm2)
a = chargc-transfer c o e f f i c ie n t .
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z = charge-transfer valence.
F = Faraday constant (96,493 coulombs ).
R = Universal gas constant ( 8314 mi l l ivo l t-soulombs/deg ).
T = absolute temperature (°K). 
n = overvoltage ( m i l l i v o l t s  ).
This equation can be s im p l i f ied  fo r  high anodic currents , i . e .  
when |n |»RT/zF ,  to give the fo l lowing equation:
i = io*exp(azFn/RT) (3)
Equation 3 can be rewr i t ten  as:
n = - ( R T / a z F ) -In i 0 + ( R T / a z F ) . In i (4)
The above equation has the form o f  a Tafel equation and can be 
rewr i t ten  as:
n = a + b ‘ l n i  (5)
The fac to r  (RT/azF) can be calculated from the known values of 
R, T and F and assuming that  a= 0.5. This is a general ly accepted 
value fo r  the charge-transfer c o e f f i c ie n t  ( Bauer, 1968 ) ,  ( Bockris 
and K i ta ,  1962 ) ,  ( Bockris and Kazumney, 1967 ) ,  ( Hampel, 1964 ),
( Hurlen, 1962 ) and ( Vetter,  1967 ). The parameter z w i l l  have the 
value of  2 ( fo r  copper deposit ion or d isso lu t ion ).
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Using experimental overvoltages and current density measurements 
and wi th a, z, F, R and T having the values previously mentioned, i t  is 
possible to ca lcu la te  theore t ica l  exchange current densi t ies. This 
was done using a computer ( Program Number 5, Appendix F ). The resu l ts  
are l i s te d  in Table 9 as Theo. i' q .
The above ca lcu la t ion  resulted in several values fo r  the ex­
change current density fo r  each tes t .  An average value of  these ex­
change current densi t ies was then used in Equation 4 in order to calcu­
la te  the theore t ica l  overvoltage values fo r  each p a r t icu la r  tes t .
Example values of  a typ ica l  tes t  are tabulated in Table 10 as "Theoret­
ica l  Overvoltages".
Equation 5 is the equation of a s t ra ig h t  l in e  with a slope of  b 
and an in te rcep t  of a. Using experimental values fo r  both the slope and 
the in te rcep t  i t  was possible to ca lcu la te  another set o f  overvoltage 
values. Example values are tabulated in Table 10 and are l i s te d  as 
"Experimental Calculated Overvoltages". These ca lcu la t ions were done 
using the computer and Program Number 5 l i s te d  in Appendix F.
The experimental slope and in te rcept  values fo r  th is  ca lcu la t ion  
v/ere obtained as fo l lows.  For each tes t  the s t ra ig h t  l ine  port ion of 
the overvoltage versus log i curve was extrapolated to zero overvoltage. 
An example of th is  is shown in Figure 1.2, Appendix I .  The in te rsect ion  
o f  th is  s t ra igh t  l ine  with the x-axis gave the experimental value fo r  
the exchange current density as was previously mentioned.
For a l l  tests the s t ra ig h t  l ine  port ion of the curve f e l l  between 
10 and 100 mi 11iamps/cm^. Therefore, ti ie in te rcep t  value used fo r  the
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ca lcu la t ion  was not the in te rsect ion  o f  the s t ra ig h t  l in e  portion 
with the zero overvoltage axis but the in tersect ion of  th is  l ine  with 
the 10 mill iamp/cm^ l in e .  The slope value used was the slope of th is  
s t ra ig h t  l in e .  For example the s t ra ig h t  l ine  port ion of  the curve in 
Figure 1.2 has an in te rcept  value of  approximately 17 m i l l i v o l t s  and 
a slope o f  approximately 0.52 mv/ma.
Using these experimental calculated overvoltages together with 
the experimental current density and experimental slope another set of 
exchange current densit ies was calculated. The resu l ts  o f  these calcu­
la t ions  are tabulated in Table 9 as "Exp. i’ q " .  These ca lculat ions were 
again done using the computer Program Number 5 l i s te d  in Appendix F.
The f in a l  ca lcu la t ion  was to use the experimental values fo r  the 
slope, the in te rcept  and overvoltages to again calcu la te exchange 
current dens i t ies .  These ,values are also l i s te d  in Table 9 as "Exp.* 
i q" . Program Number 5, Appendix F was also used fo r  these ca lcu la t ions.
Exchange Current Density Calculated From Exper i mental Overvoltages
Figure 23 is s im i la r  to Figure 22 except that  the exchange 
current densit ies used are those calculated using experimental slope, 
in te rcept  and overvoltage values ( Exp.*i*Q ). I t  can be seen that the 
curves in tin's f igu re  show the same trend as seen in Figure 22, i . e .  
the exchange current density increases with nickel concentration up to a 
peak at approximately 10 gpl nickel and then decreases. I t  also shows 
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Exp.* i Q Avg.
Exp.*
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4 0.73 0.14 0.14
5 0.40 0.57 0.35 0.25 0.36 0.25





9 2.58 2.31 0.86 0.95 0.81 0.88
10 3.14 0.80 0.84
11 2.38 1.32 1.29
12 2.85* 2.76 0.47* 1.06 0.45* 1.07
13 2.99* 0,39* 0.40*
14 3.03 3.03 1 .55 1 .55 1 .54 1 .54
15 2.02 1.81 1 .76
16 2.13 2.07 2.26 2.03 2.15 1.96
*Values considered to be unre l iab le  and were not used in any ca lcu la t ions 
or graphs.
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Exp.* i q Avg.
Exp.*
*0
Exp. iQ Avg. 
Exp. i Q
17 2.43 1.64 1.50
18 2.53 2.48 1 .16 1.40 1.13 1.32
19 4.26* 1.38* 1.35*
20 3.12 2.23 2.09
21 3.85* 3.12 1.43* 2.23 1 .35* 2.09
22 3.33 2.23 2.32
23 3.05* 3.33 1.64* 2.23 1.70* 2.32
24 3.73* 0.97* 1.38*
25 3.64 3.64 1.87 1.87 1.87 1.87
26 5.83 1.76 4.44
27 5.66* 5.83 3.79* 1.76 3.90* 4.44
28 7.24 7.24 3.10 3.10 3.16 3.16
29 2.45* 4.96* 4.41*
30 2.87 2.87 3.23 3.23 3.40 3.40
31 2.68 2.88 2.17
32 2.70 2.6S 2.49 2.68 2.51 2.39
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Exp.* i Q Avg.
Exp.*
'o
Exp. i 0 Avg. 
Exp. i 0
33 7.52 2.74 2.90
34 7.30 7.41 2.86 2.80 2.74 2.82
35 12.74 11.45 10.74
36 12.61 12.67 8.94 10.20 8.57 9.66
37 1.94 1.94 1 .94 1.94 1.96 1.96
Exchange Current Density Calculated from Calculated Overvoltages
Figure 24 shows curves s im i la r  to those in Figures 22 and 23. 
However, the exchange current densit ies used fo r  these curves are those 
calculated using the overvoltages mentioned previously ( Exp. i' q ).
Again the same trends as before are evident.
Compar i s on of  Experimental and Calculated Exchange Current Dens i t ies 
Figure 25 shows how the three previously mentioned exchange 
current densit ies compare. Curves A and B are those exchange current 
densi t ies obtained experimental ly using the in tercept  value fo r  ig.
Curves C and D arc those exchange current densit ies ( Exp.* i‘ q  ) obtained 
by ca lcu la t ion  using experimental overvoltages, experimental slope and 































current densi t ies ( Exp. ig ) obtained by ca lcu la t ion using calculated 
values fo r  the overvoltages, experimental slope and experimental i n t e r ­
cept values. I t  can be seen that  a l l  three curves fo r  both copper con­
centrat ions agree very w e l l .
Average Exchange Current Density
Figure 26 shows two curves plo tted using the average of the pre­
vious three exchange current dens i t ies .  The values used to p lo t  these 
curves are tabulated in Table 11.
E f fec t  o f  Tempera tu re on t he Exchange Current Density
The curves in Figure 27 show how temperature effects  the exchange 
current density . Data fo r  these curves is tabulated in Table 9. The 
curve fo r  a so lu t ion having a copper concentration of 30 gpl and a 
nickel concentrat ion o f  15 gp l ,  shows that as the temperature is i n ­
creased, the exchange current density also increases in a non-l inear 
manner.
The curve fo r  a so lu t ion having a copper concentrat ion of  30 gpl 
and a nickel concentrat ion of 5 gpl shows a lower exchange current den­
s i t y  as compared to the 15 gpl nickel curve. I t  also shows the same 
trend, an increase in exchange current density with an increase in temp­
erature.
However, the curve fo r  a nickel concentration of 10 gpl indicates 
a decrease in the exchange current density when the temperature is i n ­
creased. I t  also seems to ind icate a l inea r  re la t ionsh ip  between the 
exchange current density and temperature.
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Table 11: Average Exchange Current Densit ies
Tests No. Average Exchange
Current Density 
(ma/cm^)
1 to 3 0 . 6 8
4 to 5 0.33
6 to 9 0.91
10 to 12 1.07
13 to 14 1.57
15 to 16 2.06
17 to 18 1.34
19 to 21 2.05
22 to 23 2 . 2 1
24 to 25 1.84
26 to 27 3.11
28 3.97
29 to 30 3.33
31 to 32 2.53
33 to 34 3.08
35 to 36 1 0 . 1 2
37 2.51
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D is c u s s io n  OF RESULTS
The discussion of  the po la r iza t ion  resu l ts  w i l l  be given f i r s t ,  
in order to establ ish cer ta in  basic fundamentals which, in tu rn ,  w i l l  
permit a be t te r  understanding of  the empirical resu l ts .
Polar iza t ion Results
Exchange Current Density
The main concern of  the po la r iza t ion  experiments was the deter­
mination of  the "exchange current densi ty".  This quant i ty  was f i r s t  
introduced by Bowden and Agar in 1938 ( Bowden and Agar, 1938 ). I f  
equ i l ib r ium exists  in a heterogeneous system, such as an electrode in 
contact with an e le c t ro ly te ,  there is a s i tua t ion  in which there is no 
"macroscopic" changes, i . e .  no f low o f  current. However, there is 
always the p ro ba b i l i t y  tha t  some metal ions w i l l  leave the metal l a t t i c e  
and enter the so lu t ion.  Metal ions in the solu t ion also have a prob­
a b i l i t y  of  leaving the solu t ion and entering the metal l a t t i c e .  So 
tha t ,  on the microscopic level there is always an exchange of  "charge 
ca r r ie rs "  ( ions or electrons ). This exchange is equal in both d i re c ­
t ions.  That is to say,the electrons produced by the anodic reaction 
w i l l  be consumed by the cathodic reaction. Therefore, fo r  the hetero­
geneous system of an electrode and an e le c t ro ly te ,  the " anodic 
p a r t ia l  current" w i l l  be equal in magnitude but opposite in d i rec t ion
74
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to the “ cathodic pa r t ia l  current '1.
These two pa r t ia l  currents compensate fo r  each other so tha t  no
ex te rna l ly  measurable current flows through the system. The magnitude 
of  these two compensating current densit ies is cal led the "exchange 
current densi ty ,  i ()". By d e f in i t i o n  the exchange current density is 
always pos i t ive .  I t  is a measure o f  the rate of  attainment of the eq u i l ­
ibrium po ten t ia l .  The s i tua t ion  is  shown in Figure 28. The arrows 
represent the d i rec t ion  and re la t iv e  magnitude of  the currents involved.
At a potentia l  greater than the equi l ibr ium potentia l  ( e > e0 
with n>0 ) there ex is ts  a f low of anodic current and metal ions ( Mez+ ) 
w i l l  enter the e le c t ro ly te .  In th is  case i+>i_. For the reverse case of  
i_> i + ( £ < e o  with n<0 ) there w i l l  be a net f low of  current in the 
opposite d i rec t ion  and metal ions ( biez+ ) w i l l  be deposited on the 
metal surface.
Compact  Double-Layer and t he Diffuse Layer
A second concept that  is  useful when discussing the in ter face 
between an electrode and an e le c t ro ly te is  that of the "compact double-lay­
er" and the "d i f fuse  laye r" .  This s i tua t ion  is  shown very simply in
Figure 29.
The d i f fuse  layer consists of a region, in close prox imity  to 
the electrode, in which the ions are field in place by non-speci f ic 
coulombic forces between tiie charge on the ions and the charge on the 
electrode ( and also the charge on the compact double-layer ). In th is  
interphase the ions are not held in a r i g id  pos i t ion. Figure 29 shows 
tha t  in th is  region the ions arc more highly concentrated toward the
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electrode and then seem to d i f fuse  to a concentration that is  lower 
and which is known as the bulk concentrat ion.
The compact double-layer is a layer that  is 1 to 2 molecular 
diameters in thickness. In th is  interphase the ions are held in place 
by spec i f ic  coulombic forces act ing between the ions and the electrode. 
Figure 29 shows th is  layer to be fu r the r  subdivided in to  two more layers. 
These layers are separated by the " inner Helmholtz plane". The d i f fuse  
layer and the compact double-layer are l ikewise separated by the "outer 
Helmholtz plane".
This s i tua t ion  is be t te r  shown in Figure 30 and i t  is seen that 
the inner Helmholtz plane is a plane passing through the centroid o f  the 
s p e c i f i c a l l y  adsorbed anions. The outer Helmholtz plane is a plane 
passing through the centroid o f  the solvated cations. This f igu re  also 
shows that  the actual separation between the d i f fuse  layer and the com­
pact double-layer is  not as d i s t i n c t  as was shown in Figure 29. I t  can 
be seen tha t  the d i f fuse  layer ac tua l ly  fol lows the i r re g u la r  boundary 
shown in Figure 30.
Figure 30 shows that  in the interphase at the electrode surface 
there are both adsorbed water dipoles and anions. These adsorbed species 
can play an important part in the charge-transfer steps and the type of 
crysta l  growth that can occur at the electrode. Bockris states ( Bockris 
and Razumney, 1967 ) tha t  these adsorbed species can act as inh ib i to rs  
and as such can "e f fec t  the growth o f  crysta ls  on the electrodes". He 
also states that they could modify tiie free energy of  ac t iva t ion  fo r  the 
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d i r e c t l y  a f fec ts  the exchange current density , the rate-determining step 
of  the reaction and even the path that  the ions and electrons pursue 
during the charge-transfer step. These adsorbed species w i l l  also 
reduce the amount of area ava i lab le fo r  reduction o f  the ions.
Experimental and Theoretical Exchange Current Dens i t y
I t  was shown in Figures 22 through 26 tha t  the experimental ex­
change current density increased wi th both an increase in the copper 
concentrat ion and wi th an increase in the nickel concentrat ion. This 
experimental exchange current density was a measure of the rate of  ex­
change between copper ions in so lu t ion and electrons from the copper 
electrode. There should have been no exchange o f  any nickel ions. I t  
is  easy to see that  with an increase in copper concentrat ion the ex­
change current density should increase since there is an increase in the 
p ro b a b i l i t y  o f  exchange. This has also been shown to be t rue  experimen­
t a l l y  by Mattsson and Bockris ( Mattsson and Bockris, 1959 ).
The experimental work conducted by Mattsson and Bockris ( Mattsson 
and Bockris, 1959 ) and by Bockris and Kita ( Bockris and K i ta ,  1962 ) 
show th is  reaction to be p r im ar i ly  contro l led by the charge-transfer 
reaction. With th is  considerat ion and with the present system having an 
excess of  an ine r t  e le c t ro ly te  ( s u l fu r i c  acid ) then i t  can be shown 
th e o re t ic a l l y  ( Vetter,  1967 ) that the exchange current density is pro­
port ional to the concentration of  the species under going charge- t rans fe r . 
Which would be in th is  case copper ions. Thus fo r  the anodic and cathodic 
exchange currents the fo l lowing equations are derived:
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i + = k+ • c,\| ♦ cr  • exp ( azFc/RT ) -► anodic current ( 6 )












= anodic p a r t ia l  current density.
= cathodic pa r t ia l  current density.
= reaction rate constant fo r  the anodic reaction.
= reaction rate constant fo r  the cathodic reaction.
= concentrat ion o f  the reduced species, in the charge-transfer 
react ion ( intermediate species ).
= concentrat ion of  the reduced species in the charge-transfer 
reaction ( f i n a l  s tate ).
= concentrat ion o f  the oxidized species in the charge-transfer 
reac t ion .
= charge-transfer coe f f i c ie n t .
= charge-transfer valence.
= Faraday constant.
= Universal gas constant.
= absolute temperature.
= potentia l  d i f fe rence.
Since i + = i_ = i‘ q = exchange current density, these equations 
show that the exchange current density does indeed increase with an i n ­
crease in the concentrat ion o f  the involved species.
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However, since only the copper ions are considered to be taking 
any part in any charge-t ransfer,  the increase in the exchange current 
density with an increase in nickel concentration while at the same time 
keeping the copper concentrat ion constant can not be explained by any 
present theories. This behavior was shown in Figures 22 to 26.
Two-Step and One-Step Charge-Transfer
I t  has been previously mentioned that  in th is  system the rate 
co n t ro l l in g  step is that o f  charge-transfer. I t  has also been shown 
both experimental ly ( Bockris and K i ta ,  1962 ) and th e o re t ic a l l y  
( Bockris and Razurnney, 1967 ) that  th is  reaction proceeds by a two-step 
charge-t ransfer mechanism. I t  has been ruled highly improbable on 
theore t ica l  considerat ions ( Bockris and Razurnney, 1967 ) tha t  th is  
reaction could proceed by a one-step charge-transfer mechanism. This 
is because o f  the high energy b a r r ie r  that has to be surmounted in order 
f o r  the one-step mechanism to proceed.
With th is  fac t  in rnind the type of behavior as shown in Figures
31 and 32 again demonstrate a type of  behavior tha t  is  not explained by 
any present theory. Curve B, Figure 31, shows a p lo t  o f  the experimental 
exchange current density ( th is  is the same p lo t  given in Figure 22 ).
The three other curves shown in Figure 31 were arr ived at in the fo l lo w ­
ing manner. The top curve, Curve A, is  a p lo t  of the theore t ica l  ex­
change current density. The procedure fo r  obtaining these values was 
outl ined in the Results section and are tabulated in Table 9 as, "Theo. 
i 0". These values are calculated assuming a one-step charge-transfer 
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assumed to be occuring ( and as mentioned th is  is indeed the case ) 
then the values o f  the theore t ica l  exchange current densi t ies w i l l  be 
exactly  one-half  o f  the values tabulated fo r  a one-step charge-transfer.
Curve D in Figure 31, then shows the plo tted values fo r  a 
two-step charge-transfer reaction. This curve shows that  the theore t ica l  
values fo r  the exchange current density are in good agreement with the 
experimental values fo r  nickel concentrations of  0, 1, 5 and 15 g p l . 
However, fo r  a nickel concentrat ion o f  10 gpl the theore t ica l  and exper­
imental values d i f f e r  g rea t ly .  Therefore another curve, Curve C, was 
p lo tted through a l l  o f  the theore t ica l  values fo r  a two-step charge-trans­
fe r  f o r  the nickel concentrations o f  0, 1, 5 and 15 gp l ,  and through the 
theore t ica l  value considering a one-step charge-transfer f o r  a nickel 
concentration of  10 gpl.  I t  can now be seen tha t  Curve C is in close 
agreement wi th the experimental curve.
The same procedures were carr ied out in p lo t t in g  the four curves 
shown in Figure 32, except in th is  case the copper concentrat ion was 
30 gpl.  Again the same type of  behavior is obtained. I t  therefore 
seems, that  there is a s i tua t ion  in which a change takes place from a 
two-step mechanism at lower nickel concentrations ( 0 to 5 gpl nickel ) 
to a one-step mechanism at a higher nickel concentrat ion ( 10 gpl nickel ) 
and then again another change to a two-step mechanism at even higher 
nickel concentrations ( 15 gpl nickel ). This change is not a sudden 
one but is gradual.
This behavior along with the fac t  that the exchange current den­
s i t y  increases with ti ic nickel concentration can not be explained by any 
present single theory. To explain these facts  several pieces of various
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other theories must be employed. These theories are outl ines in the 
fo l lowing sections.
Hydrogen Evo l ut ion Reaction
For several years there was a considerable amount of  controversy 
concerning the k ine t ics  o f  the reaction occuring during the evolut ion 
o f  hydrogen at a cathode. In 1931 R. H. Gurney ( Gurney, 1931 ) pub­
l ished a paper concerned with the problem. His theory helped to explain 
several factors  that  were in doubt concerning the hydrogen evolut ion 
reaction ( h .e . r .  ). However, there were s t i l l  some experimental facts 
which his theory could not expla in. For th is  reason his work went 
la rge ly  neglected fo r  several years although several people were aware 
of i t  and two t r ie d  to improve upon i t  ( But ler ,  1936 ) and ( Gerischer, 
1960 ).
The most notable addit ion to Gurney's o r ig ina l  theory however, 
has come in recent years and is by Bockris and Matthews ( Bockris and 
Matthews, 1966 ) and ( Bockris and Conway, 1971 ). In t h e i r  o r ig ina l  
paper Bockris and Matthews give a deta i led theore t ica l  inves t iga t ion  of 
the charge-transfer reaction occuring at  the electrode during the h .e . r .  
They considered three aspects of the problem: 1) c lass ical  electron 
t ra ns fe r ,  2) quantum mechanical electron t rans fe r ,  and 3) c lass ica l  pro­
ton t rans fe r .
Theory of Bockris  and ilatth_ev/s_
For reasons o f  b rev i ty  only a general ou t l ine  of  the procedure 
and resu l ts  of the work of Bockris and Matthews w i l l  be given here.
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Bockris and Matthews consider a system in which cations such as 
the H3 O ions are adsorbed in a hydrated state on the surface of the 
electrode. This same surface is  also covered with adsorbed water dipoles 
which when the surface potentia l  is  negative to the potentia l  of zero 
charge ( p .z .c .  ) are or iented with th e i r  pos i t ive  end toward the e lec­
trode. This was previously shown in Figure 30.
Bockris and Matthews f i r s t  consider the case of  c lass ica l  e lec­
tron t rans fe r .  They constructed a potentia l  energy - distance p r o f i l e  
fo r  electron t rans fe r  from a metal electrode to the proton in so lu t ion .  
They found tha t  the energy of  t rans fe r  depended on several factors 
( they ac tua l ly  considered only the change in enthalpy and not the 
change in free energy ). These fac tors  are: 1) R, the repulsive force 
between the hydrogen atom and the water molecule, 2) A, the a t t ra c t i v e  
force between the metal and the hydrogen atom, 3) J, the ion iza t ion  
potent ia l  o f  the atom, 4) L0 , the solvation energy o f  the ion, and 
5) $, the e lec t ron ic  work function o f  the metal. Their f ind ings were 
tha t  the energy b a r r ie r ,  0 Ali0 (e) ,  fo r  the electron t rans fe r  from the 
Fermi level o f  the metal electrode to the electron level of the proton 
( when the system is in i t s  ground state ) was as fo l lows:
0AHQ(e) = R - A - J - L0 + $ (8 )
The next step they took was to consider the case of c lass ica l  pro­
ton t rans fe r .  The same energy p r o f i l e  as was used in the electron trans­
fe r  is used. In th is  case they considered that neu tra l iza t ion  of the 
proton may occur by electron tunneling from the Fermi level o f  the metal
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to the proton. Their conclusions were that charge-transfer does occur 
by the process of  electron tunneling between pa r t ic les  in the solut ion 
and the metal. The rate of  th is  tunneling is dependent upon the amount 
o f  displacement of  the ion-solvent sheath. This enables empty electron 
energy leve ls in the ion-solvent sheath to become equal in energy to f u l l
energy levels in the metal.
The f in a l  step in the analysis of  Bockris and .Matthews was to
consider the combination o f  c lassical  proton t rans fe r  and electron 
tunnel ing.  This case is shown in Figure 33. Curve A shows the va r ia ­
t ion  in energy with in ternuclear distance of  the system e"(H)-H+- 0 !l2 
and Curve B the var ia t ion  in energy with in ternuclear distance o f  the
system Jl-H-OHg- Where e"(M) is the electron in the metal, il+- 0 H2 is
the H30+ ion, M is the metal and H-Gi^ is the hydrogen-water combi­
nat ion.
The point at which the curves cross, X, is  the point at which 
the condi t ion of  electron tunnel ing is most l i k e l y  to take place since 
at th is  point  a! 10 (e) is zero. This point should correspond to the e lec­
tron in the Fermi level of the metal since at th is  level there is the 
lowest ac t iva t ion  energy.
Point X can be sh i f ted  by one or a combination o f  two methods:
1 ) by ac t iva t ing  the e lec tron,  and/or 2 ) by act iva t ing  the !!+~0 Mo bond. 
E i ther method of  ac t iva t ion  w i l l  resu l t  in point X being sh i f ted to a 
lower potentia l  energy. So, i f  e i the r  or both methods of ac t iva t ion  
are used there is the p o s s ib i l i t y  of  lowering the amount of energy 
required fo r  the electron t ra ns fe r ,  and thus the rate of the reaction 
i ncreases.
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Bockris and Matthews concluded that fo r  the h .e . r .  the rate 
con t ro l l ing  process v/as the stretching of the l!+- 0 H2 bond. They also 
concluded that  the theory may be general ly appl ied to other electrode 
reactions such as metal deposition and redox reactions.
In order to properly set fo r th  a theory which may explain the 
experimental behavior, the theory o f  Bockris and Matthews must be com­
bined with two other areas o f  pert inent  information: 1 ) the e lec tron ic  
work func t ion ,  and 2 ) the hydration of  the copper and nickel ions.
The Electronic Work Function
A small amount o f  work on the e lec tron ic  work function in re la t ion  
to electrode reactions has been done. In 1947 Bockris ( Bockris, 1947 ) 
published a short a r t i c l e  concerned with the hydrogen overpotential  and 
the thermionic work funct ion .  In th is  paper he states that since the 
work function is  a measure of  the electron a f f i n i t y  o f  a metal then i t  
must also be a measure o f  the tendency of the metal to take an electron 
away from the hydrogen atom and bind th is  electron to i t s e l f .  Thus the 
a b i l i t y  of  a metal to adsorb atomic hydrogen should be proport ional to 
i t s  work funct ion .
Conway and Bockris ( Conway and Bockris, 1957 ) published a paper 
in 1957 concerned with the k ine t ics  of hydrogen evolut ion and i t s  re la ­
t ion  to the e lec t ron ic  and adsorptive propert ies of the metal. They 
found a d i re c t  co r re la t ion  between the e lectron ic  work function of  a 
metal and the corresponding value fo r  the exchange current density fo r  
tha t  metal. They found tha t  fo r  the metals Mo, W, Fe, N i , Cu, Au, Ag,
Pd and Rh as the e lec tron ic  work funct ion increased the exchange current
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dGnsity also increased. They were able to derive a l inea r  re la t ionsh ip  
fo r  th is  observation.
K i t te l  reports ( K i t t e l ,  19G2 ) that in the case of tungsten the 
e lec t ron ic  work funct ion is lowered when pos i t ive ions are adsorbed on 
i t s  surface. He a t t r ibu tes  th is  to the formation of an e le c t r i c  double 
layer ( dipole layer ) at the surface of  the tungsten due to the a t t ra c ­
t ing  force tha t  the pos i t ive  ions exert on the conduction electrons of 
the tungsten meta l.
Gurney's o r ig ina l  theory predicted that  an increase in the work 
function would decrease the current density at any given po ten t ia l .  I f  
the inverse were also true then the current density at any given poten­
t i a l  would increase as the work funct ion decreased. I t  is  also pro­
posed in Gurney's theory that  the work function may enter in d i r e c t l y  
in the hydrogen evolut ion reaction by inf luencing the heat of  adsorption 
o f  hydrogen on the metal.
The Hydration Of Copper and Hickel Ions
As J. O'id. Bockris states in his book on e le c t ro c r y s ta l l i z a t io n  
( Bockris and Razumney, 1967 ) ,  "the knowledge of  the hydration sheath 
that surrounds trie metal ion in so lu t ion is not one o f  the strongest 
points in e lec t rochemis t ry " . He considers the hydrated ion to be 
surrounded by a primary hydration sheath. This sheath is in turn sur­
rounded by another sheath cal led the secondary hydration sheath. An 
ion during deposition w i l l  re ta in  part of i t s  hydration sheath i f  
during th is  time i t  re ta ins part  o f  i t s  ion ic character. So, the ad­
sorbed anion w i l l  have some o f  i t s  hydration sheath associated with i t .
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During the charge-transfer process the ion has to displace part o f  i t s  
hydrat ion sheath,. Mow much displacement must occur w i l l  depend upon the 
type o f  s i te  at which the charge-transfer process takes place.
The energy of  hydration of .both copper and nickel is not an eas i ly  
measured quant i ty .  Indeed there is no data avai lable which would enable 
eit,her energy to be known with a small amount of uncerta in ty . However, 
cer ta in concepts and data can be useful in ascertaining which ion has 
the strongest a f f i n i t y  fo r  water dipoles.
According to Gold ( Gold, 1954 ) the heat o f  hydration a t  25 °C 
and re la t i v e  to hydrogen fo r  copper and nickel are 19.45 kcal and 18.1 
kcal respect ive ly .  He gives the free energy o f  solvation ( in aqueous 
solu t ion ) fo r  copper as 23.77 kcal and under the same condit ions no 
free energy values fo r  nickel are given.
Basolo and Pearson ( Basolo and Pearson, 1967 ) give several 
pieces o f  data which are useful in leading to a conclusion concerning 
the hydration of  copper and n icke l .  For instance, they give values fo r  
the hydration of  gaseous ions of copper and nickel which both have a 
value o f  -507 kcal. They also state that the water and amine complexes 
fo r  nickel and copper have bond strengtfis that  are comparable. They 
then give the heat o f  solvation fo r  both copper and nickel in a hexamine 
complex as both being - 410 kcal.
They also state that  the heat o f  hydration varies inversely  wi th 
the ion ic  radius. Therefore, copper with a smaller ion ic  radius should 
have a higher heat o f  hydrat ion than n icke l .  However, th is  can be d is ­
puted since there is a great deal o f  uncerta inty about the ion ic  radius 
fo r  both copper and n icke l .  Basolo and Pearson give ion ic  ra d i i  fo r
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copper and nickel as 0.72 A° and 0.70 A° respective ly. Weast ( l least, 
19G0 ) gives the respective values of  0.72 A° and 0.69A0 fo r  copper and 
n icke l .  Lange ( Lange, 1901 ) gives s t i l l  d i f f e re n t  values of  0.70 A° 
fo r  copper and from 0.69 A° to 0.78 A° fo r  n icke l .  From th is  consider­
at ion i t  then seems probable that both ions would have approximately
the same heat o f  hydrat ion.
Basolo and Pearson also give the r e a c t i v i t y  order o f  certa in 
metal complexes which ind icate  that the nickel complexes are general ly 
more stable than the corresponding copper complexes. These nickel 
complexes also have a higher heat of  ac t iva t ion  than the copper com­
plexes. They also show that  the rate constants f o r  the exchange of
water molecules from the f i r s t  coordination sphere of copper is 
3 x 10^ times fas te r  than fo r  n icke l .  The energy o f  ac t iva t ion  fo r  
th is  react ion is 12.2 kcal fo r  nickel and 5.6 kcal fo r  copper. This
implies that the nickel complex with water is much stronger than the
same complex fo r  copper. This information leads to a reaction order
that puts nickel as being more stable than copper.
Proposed Theory
Consideration of  a l l  the 'a fo re  mentioned facts w i l l  re su l t  in a 
theory which can be used to explain the experimental re su l ts .  From the 
work o f  Gurney, and Bockris and Matthews i t  is now evident that  the rate 
of  the metal deposit ion process can be increased by lowering the to ta l  
amount o f  energy that  is needed to.complete the react ion and al low a 
trans fe r  o f  charge to take place. This can be accomplished by e i the r  or 
a combination of  tv/o ways. F i r s t ,  the electron can be act ivated by
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lowering the amount o f  energy required  to remove an electron from the 
metal electrode and make i t  avai lable to an ion. This can be achieved 
through the reduction of the e lectr  l ie  work function. This in turn is 
achieved through the presence of  nickel ions. In a manner s im i la r  to 
the reduction of  the e lec t ron ic  work function of tungsten when pos i t ive  
ions are adsorbed on i t s  surface, the presence of  nickel which is  ad­
sorbed on the electrode surface could lower the e lec t ron ic  work func­
t ion .  This would in turn lower the energy ba r r ie r  as can be seen from 
Equation 8.
The second method of  ac t iva t ion  would be s tre tch ing o f  the 
Cu-i^O bond. Tin's could be achieved again through the presence of  
n icke l .  Nickel wi th i t s  higher a f f i n i t y  fo r  water dipoles could aid in 
st re tch ing tin's bond and thus lower the amount o f  energy required fo r  
the charge-transfer.  Both o f  these factors may work together to actu­
a l l y  lower the energy b a r r ie r  and thus enable the charge-transfer to 
proceed at a much higher rate than in the absence o f  n icke l .  This would 
explain why the presence o f  nickel tends to increase the exchange current 
density which is a measure of the rate of charge-transfer.
Secondly i t  is proposed by tin's author tha t  the nickel ions can 
ac tua l ly  act as a b a r r ie r  to the incoming copper ions. Since the nickel 
ions are att racted to the cathode in the same manner as the copper ions 
i t  is probable that they bu i ld  up in tiie d i f fuse  layer.  This bu i ld ing 
up of  the nickel ions would increase with an increase in nickel concen­
t ra t io n  up to some point.  At t h i s .p o in t  the bui ld  up would reach a 
"steady sta te"  concentrat ion.
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In tin's manner the nickel ions act as a sieve l im i t in g  the mobil­
i t y  o f  the copper ions. This ba r r ie r  of nickel ions could not stop the 
progress o f  the copper ions ( since the f low of  copper ions is a neces­
sary condit ion fo r  the f low o f  current ) but could make i t  more d i f f i c u l t  
f o r  the copper ions to reach the region of  the compact double-layer.
This fac to r  can now be used to explain why the exchange current 
density decreases a f te r  a certa in nickel concentration is reached. The 
s i tu a t io n  is shown in Figure 34. Curve A shows how the energy required 
fo r  the charge-transfer decreases with an increase in the nickel con­
centrat ion while at  the same time the ba r r ie r  e f fec t  of nickel increases 
with an increase in nickel as shown by Curve B. The resu l tan t  curve 
upon adding these two curves is  Curve C. This curve can be seen to have 
the same general shape as the experimental curves fo r  the exchange current 
density as a function o f  the nickel concentrat ion.
I t  is  possible tha t  since the energy fo r  the charge-transfer is 
becoming less with an increase in the nickel concentration fas te r  than 
the b a r r ie r  e f fe c t  is occuring that  th is  lowering of  the energy is  
s u f f i c i e n t  to allow the charge-transfer to proceed by a one-step process 
at a point  near the maximum in the energy e f fe c t  curve. This is noted 
by the region D in Figure 34. In the regions E and F there is less pro­
a b i l i t y  tha t  th is  may be happening. This is because in the region E the 
lowering o f  the energy required fo r  the one-step process is not yet  
s u f f i c i e n t  to enable i t  to take place with a s u f f i c ie n t  magnitude that  is 
detectable experimenta l ly . Whereas,in the region F although the lower­
ing o f  the energy would be s u f f i c ie n t  by i t s e l f ,  i t  is now in s u f f i c ie n t  
















1 -1 4 1 8
XBjquj ------>-
■< 4 0 9 J J J  J 9 U J D Q
T - 1418 97
seems to be a gradual change from a tv/o-step charge-transfer to a 
one-step charge-transfer and then again to a two-step charge-transfer 
as was shown in Figures 31 and 32.
Effects o f  Temperature
Although there was very l i t t l e  work done on the e f fec ts  o f  temp­
erature the resu l ts  o f  what was done was shown in Figure 27. These 
curves show an in te res t ing  trend. For nickel concentrations of  5 and 
15 gpl the exchange current density increases with an increase in the 
temperature. However, fo r  a nickel concentration of  10 gpl the exchange 
current density goes down wi th an increase in temperature.
The data fo r  the temperature o f  40 °C in Figure 27 can be re p lo t ­
ted to produce the bottom curve in Figure 35. In th is  f igu re  the ex­
change current density at 40 °C is p lo tted against the nickel concen­
t ra t io n .  This curve shows the same trend as was shown in Figure 27- 
a decrease in the exchange current density at a nickel concentrat ion of  
10 gpl. The top curve in th is  f igu re  was obtained by p lo t t in g  one-half  
of  the theore t ica l  exchange current density as was l i s te d  in Table 9 
as "Theo. i ' q " .  Again the value o f  one-naif  of th is  theore t ica l  exchange 
current density would correspond to a two-step charge-transfer reaction.
As can be seen in Figure 34 the values of the experimental 
exchange current density an one-half  o f  the theoretica l  exchange current 
density agree very well at the nickel concentrations o f  5 and 15 gpl.
But at a nickel concentration of 10 gpl there is a large d i f ference 
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Although there is  not enough experimental data to make any d e f i ­
n i te  conclusions the curves in Figure 35 seem to ind icate that  there is 
a region between the nickel concentrations of  5 and 15 gpl in which the 
charge-transfer reaction changes from a two-step mechanism to a mixed 
mechanism and then back to a two-step mechanism in much the same v/ay as 
shown before. However, there is an important d i f fe rence. At the higher 
temperature , un l ike at the temperature of 25 °C, i t  is  not possible to 
say that  the mechanism changes to a one-step charge-transfer process 
between 5 and 15 gpl n icke l .  Instead i t  must be stated tha t  i t  changes 
to a "mixed mechanism". The reason being that  the one-step theore t ica l  
exchange current density value fo r  a nickel concentration of  10 gpl is 
much greater than the experimental value ( 7.24 ma/cm^ as opposed to 
2 .6 6  ma/cm^ ).
Comparison of these two values rules out the p o s s ib i l i t y  of a 
one-step charge-transfer but comparison of  experimental and one-half  of 
the theore t ica l  also seems to ru le  out the p o s s ib i l i t y  o f  a two-step 
charge-transfer. So, at  th is  nickel concentration ( 10 gpl ) there 
might posibly be a mixture of  the two mechanisms or there might 
possibly be another mechanism entering the p ic ture .
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Empirj_ca_l_Resul ts
Current  Eff iciency
I t  should be expected that the presence of small amounts of  
nickelous ion in solut ion would have very l i t t l e  i f  any e f fec t  on the 
current e f f ic ie ncy .  The current e f f ic iency  as calculated was a measure 
o f  the amount of copper being reduced per un i t  time. The experiments 
were conducted under a condit ion o f  constant current which meant that  
the ra te  o f  copper reduction had to proceed at a given ra te .  Since 
nickel is not reduced under the experimental condit ions the only other 
reaction capable o f  occuring at the cathode and therefore capable of 
reducing the current e f f ic ie ncy  was the reduction of hydrogen. However, 
the amount was qui te  small owing to the excel lent s t i r r i n g  condit ions 
tha t  were present. This great ly  reduced any concentrat ion po la r iza t ion  
e f fec ts  which would in turn have lowered the current e f f ic iency  by 
l im i t i n g  the amount o f  copper ions avai lable fo r  reduction at the 
cathode. I f  any s ig n i f i c a n t  concentration e f fec ts  were present the im­
pressing of  a constant current would have required the potentia l  to i n ­
crease to such a point that  the reduction of  hydrogen would have pro­
ceeded at  a much greater ra te . This would then have lowered the current 
e f f ic ie n cy .
Morphology of  the Deposit
I t  was shown in the resu l ts  tha t  an increase in the current density 
and an increase in the nickel concentration both had the same e f fe c t  o f  
producing a less sa t is fac to ry  deposit.  I t  has been known fo r  years that
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an increase in the current density produced deposits which were rougher 
and less coherent than deposits made in the same solu t ion at lower 
current dens i t ies ,  ilo universely accepted reason fo r  th is  behavior is  
ava i lab le .  However, i t  is thought that  with the increased current den­
s i t y  the ions are reaching the electrode at a much fas te r  rate and wi th 
a higher energy. They are therefore able to form more s i tes  of  nucle- 
at ion.  These nucleation s i tes are not the same s i tes the ions would 
have chosen had they been able to reach the electrode under more favor­
able condi t ions.  Viith the rapid rate of  nucleation the a c t i v i t y  of the 
surface changes. This change produces a deposit  which is not as good 
as i t  would be under condit ions o f  a lower current density.
With the presence o f  nickel a s im i la r  process is  occuring. The 
deposit ing ions because o f  the lowering of the amount o f  energy required 
fo r  charge-transfer are able to reach the electrode surface with a much 
higher energy than in the absence of  n icke l .  This has the same e f fec t  
as increasing the current density . The a c t i v i t y  of the deposited sur­
face is such that a gradual ly worsening deposit is obtained.
Cell Voltage
Figure 36 shows a curve representing the ce l l  voltage. This 
curve is very s im i la r  to those obtained experimental ly. The shape of 
th is  curve is eas i ly  explained by looking at two fac tors  that  inf luence 
the ce l l  voltage. The ce l l  voltage is composed o f  two main parts:
1) the IR drop between the two electrodes due to the resistance of  the 
e le c t ro ly te ,  and 2 ) the po la r iza t ion  phenomena occuring at the electrode 
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function o f  the copper concentrat ion. The same is done fo r  the po lar­
iza t ion  po ten t ia l .  When these two curves are added they re su l t  in the 
top curve which represents the ce l l  voltage. ( The scale on the voltage 
axis is there only to serve as a general ind ica t ion  of the re la t i v e  
magnitudes of the three curves. They are not absolute values. )
These same resu l ts  were found by Fink and P h i l l i p p i  ( Fink and 
P h i l l i p p i ,  1926 ) during th e i r  study of voltages in copper re f in in g  
c e l l s .  Rouse and Aubel ( Rouse and Aubel, 1927 ) also found th is  to be 
the case in th e i r  more comprehensive study of the ce l l  voltages in 
copper re f in in g .
The IR drop is l in ea r  wi th respect to the copper concentrat ion. 
This has been shown to be true by many inves t iga to rs ,  ( Rouse and Aubel, 
1927 ) ,  ( Skowronski and P.einoso, 1927 ) ,  ( Kern and Chang, 1922 ) and 
( Fink and P h i l l i p p i ,  1926 ). Rouse and Aubel ( Rouse and Aubel, 1927 ) 
demonstrated tha t  the po la r iza t ion  curve assumes a shape s im i la r  to that  
shown in Figure 36.
Figure 17 indicated that the ce l l  voltage decreased wi th a de­
crease in current densi ty . This is  due to a lower IR drop at the lower 
current dens i t ies .  This is  not the only fac to r  however, that  lowers the 
voltage. I f  i t  were,then the curves in Figure 17 should be equal ly 
spaced since they are a l l  separated by equal amounts of current density . 
This indicates tha t  the po la r iza t ion  e f fec t  becomes less at  the lower 
current dens i t ies .  This has also been shown to be true many times: e.g.
( Edwards and Wall , 1966 ) ,  ( Bockris and K i ta ,  1962 ) ,  ( Mattsson and
Bockris, 1959 ) ,  ( Sheir and Smith, 1952 ) ,  and ( Hunt, Chittum and
Ritchey, 1938 ). I t  was also shown by the po la r iza t ion  experiments in
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th is  inves t iga t ion .
Rouse and Aubel ( Rouse and Aubel, 1927 ) reported tha t  nickel 
had an e f fe c t  o f  reducing the po lar iza t ion  voltages in copper re f in ing  
c e l l s .  This fac t  along with the fac t  that nickel increases the r e s i s t ­
ance of  the e le c t ro ly te  in the same way as copper ( Kern and Chang, 1926 ) 
and ( Skowronski and Reinoso, 1927 ) explains the shape of the curves in 
Figures 18, 19 and 20. The curves in Figure 18 show that  the ce l l  v o l ­
tage with an e le c t ro ly te  having no nickel is lower than with an e le c t ro ­
l y te  with 1 to 15 gpl n icke l .  This indicates that  the po la r iza t ion  
e f fe c t  is  not s u f f i c ie n t  to overcome the e f fe c t  of an increase in elec­
t r o l y t e  resistance.
At 37.0 as f ,  Figure 19 shows a somewhat d i f f e re n t  re su l t .  For a 
nickel concentrat ion o f  1 gpl the depolarizat ion e f fe c t  o f  the nickel is 
greater than the e f fec t  of an increase in the e le c t ro ly te  resistance so 
the ce l l  voltage is lowered. However, fo r  nickel concentrations o f  5 
and 15 gpl the increase in the e le c t ro ly te  resistance is la rger  than the 
decrease in voltage due to the depolarizat ion e f fec t .  In the case o f  a 
current density o f  56.1 asf the s i tua t ion  is such that  the decrease in 
the ce l l  voltage due to the depolarizat ion e f fec t  is  s u f f i c i e n t  at  a l l  
nickel concentrat ions to overcome the increase in ce l l  voltage due to 
the increase in resistance of  the e le c t ro ly te .
So, i t  can be seen that  at the higher current densit ies although the 
absolute amount of  IR drop and po lar iza t ion  is greater than fo r  a lower 
current densi ty ,  the re la t i v e  change is such that the depolarizat ion 
e f fe c t  o f  the nickel is gradual ly increasing to such a po int tha t  i t  is 
s u f f i c i e n t  to overcome the e f fe c t  o f  an increase in the e le c t ro ly te
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resistance. The reason fo r  th is  phenomena is the increased concentra­
t ion  of  nickel ions in the d i f fuse  layer with an increase in the current 
density .
Cell Voltage as a Function o f  Current Density
Figure 21 shows how the ce l l  voltage changed with the current 
density. The curves in th is  f igu re  are only another way of expressing 
the data shown in Figures 17 to 20. The same explanation w i l l  be true 
fo r  the curves in th is  f igu re  as fo r  the curves in Figures 17 to 20.
One important point  should be brought out. In Figure 21 the 
curves fo r  0 gpl nickel and 40 gpl copper and fo r  0 gpl nickel and 
20-30 gpl copper show a non- l inear re la t ionsh ip .  I f  fu r the r  data is 
added to these curves to give points at higher current densi t ies then 
the curves seem to be more l in e a r .  This is shown in Figure 37. The 
points in th is  curve fo r  40 gpl copper could l i e  on a curve tha t  would 
resemble tha t  given in Figure 21. However, th is  is not r e a l l y  important. 
The important point  is  to compare Figure 37 to Figure 38, which shows a 
p lo t  o f  the IR drop as a function o f  the current density fo r  the same 
system as in Figure 37. Figure 38 shows a s im i la r  re la t ionsh ip  between 
the two curves as is shown in Figure 37.
Polar iza t ion phenomena other than the IR drop are taking place at 
the electrode. These other po la r iza t ion  potent ia ls  would change the 
shape and pos i t ion o f  the curves given in Figure 38 so tha t  they would 
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COMCLUS IONS
The resu l ts  o f  the empirical experiments show that nickel does 
have an important e f fe c t  on the ce l l  voltage and morphology of  the de­
pos i t .  I t  does not e f fe c t  the current e f f ic iency  of  the deposition pro­
cess nor the p u r i ty  o f  the deposit.  The e f fec t  on the ce l l  voltage is 
small at the low current density o f  19.1 amps/ft^. At a current density 
of  37.0 amps/ft^ there is a larger e f fec t .  A nickel concentration o f  1 
gram per l i t e r  lowered the ce l l  voltage over what the ce l l  voltage was 
with no nickel present. Nickel concentrations of  5 and 15 grams per l i ­
te r  raised the ce l l  voltage over the no nickel values. At a current
p
density o f  56.1 amps/ft the nickel lowered the ce l l  voltage at a l l  
nickel concentrat ions. A concentrat ion of  1 gram per l i t e r  nickel had
p
the greatest e f fe c t  on the lowering of  the ce l l  voltage at 56.1 amps.ft . 
The ra is ing  and lowering o f  the ce l l  voltage is explained on the basis 
o f  an increase in the resistance o f  the e le c t ro ly te  while at the same 
time the nickel acts as a depolar iz ing agent. At a l l  current densit ies 
the nickel tended to s ta b i l i z e  the ce l l  voltage at a value tha t  was i n ­
dependent of  the copper concentrat ion.
Nickel affected the morphology o f  the deposit and gave less s a t i s ­
fac tory  deposits a t  higher nickel concentrat ions. This e f fe c t  was 
greater at higher current dens i t ies .  At the low current density of  19.1
p
amps/ft the nickel concentrat ion had very l i t t l e  e f fe c t  on the morphol­
ogy o f  the deposit .  At the higher current densi t ies of 37.0 and 56.1
p
amps/ft the copper concentrat ion was c r i t i c a l  when the nickel
108
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concentrat ions were high. Acceptable deposits at 37.0 amps/ft^ could 
only be made when the copper concentration was ca re fu l ly  contro l led.
At 56.1 amps/ft the qu a l i ty  of  the deposit was very dependent on the 
nickel and copper concentrat ions.
The two methods fo r  describing the system and resu l t ing  deposit ,  
the Reference Number, R, and the Surface Index, Q, gave resu l ts  which 
were very sa t is fac to ry .  Correlat ion between R and Q were good. I t  
should be possible to pred ic t  the type of deposit that  would be obtained 
under any specif ied experimental codi t ions.
The k ine t ic  studies indicated that the presence o f  nickelous ion 
had a very d e f in i te  e f fe c t  on the exchange current densi ty.  The resu l ts  
on the exchange current densit ies indicated that the presence o f  nickel 
had a very d e f in i t e  e f fe c t  on the type of mechanism that  the charge-trans­
fe r  process fol lowed. I t  was shown that  the charge-transfer process is 
by a two-step mechanism at low nickel concentrations o f  0 to 5 grams per 
l i t e r .  At higher nickel concentrations of approximately 10 grams per 
l i t e r  the charge-transfer process reverted to a one-step mechanism.
Further addit ions of nickel resul ted in s t i l l  another change in the 
mechanism- back to a two-step mechanism.
A theory was proposed to explain the effects  o f  nickel on the 
morphology and type of  mechanism of  the charge-transfer process. This 
theory stated that  the e f fe c t  of nickel was two- fo ld :  1 ) the f i r s t  e f fe c t  
is to lower the amount o f  energy required fo r  the charge-transfer pro­
cess and thus enabling the process, to occur by a one-step mechanism.
This lowering o f  the energy is produced by e i the r  or a combination of 
the s tre tch ing o f  the copper-water bond or the lowering of  the work
T-1418 110
function o f  the metal electrode, by the presence o f  nickel ions; 2 ) the 
second e f fe c t  is that  o f  the nickel ions producing a ba r r ie r  tha t  the 
copper ions must pass in order to reach the electrode surface. The sum 
o f  these two e f fec ts  was used to explain the experimental resu l ts  o f  
both the po la r iza t ion  and empirical experiments.
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APPENDIX A 
Summary of Experimental Data
The fo l lowing tab le(s)  give a summary of the data obtained fo r  
both the empir ical and the po la r iza t ion  experiments. Values fo r  the 
empirical experiments are l i s te d  in Table 1.A. The temperature and 
acid concentrat ion fo r  the empirical experiments were held constant 
at 25°C and 100 gpl respect ive ly .  The s t i r r i n g  speed was also held 
constant.
Data from tests 1-40 of  the empirical experiments was not used 
in any resu l ts  or conclusions. The problems with th is  data are explained
in Appendix G.
Table 2 .A l i s t s  the data fo r  the po lar izat ion experiments. The 
acid ( H2 SO4 ) ,  copper and nickel concentrations are given in grams per 
l i t e r .  The temperature is given in degrees centigrade. The current is 
given in mi 11iamps. The potentia l  ( in m i l l i v o l t s  ) is the potentia l  
tha t  has been corrected fo r  electrometer errors and fo r  IR drop. The 
Eo value is the potentia l  when no current was f lowing through the elec­
trode. In order to f ind  the po lar iza t ion  potential  the Eo value is
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TABLE 2 . A
Test No. 1   Nickel Cone. 0.0 gpl
Acid Cone. 49 gpl Temp. 25 °C













0.1 2.7 20 91.6 92.5 141.7
0.2 11.8 30 99.9 100 142.3
0.3 17.5 40 107.2 110 144.6
0.5 26.3 50 114.6 120 127.9
0.7 31.6 62 120.9 125 141.8
1.0 37.1 65 121.1 140 183.4
2.0 49.2 70 124.8 150 175.2
3.0 56.9 72.5 126.8 160 177.4
4.0 61.5 75 128.6 175 196.9
5.0 66.1 80 132.4 180 231.1
7.0 71.4 82.5 134.3 190 217.9
10 77.1 87.5 138.0 200 235.3








Nickel Cone. 0.0 gpl 














0.2 6.3 15 82.8 77.5 109.9
0.4 16.1 17.5 84.6 80 111.8
0.6 23.2 22.5 90.3 85 115.5
0.8 26.8 25 93.2 90 114.1
1.0 30.6 27.5 96.1 95 112.7
2.0 42.2 30 95.8 97.5 114.6
3.0 49.9 35 98.5 100 111.4
4.0 55.0 37.5 99.3 110 113.7
5.0 60.1 40 101.1 125 116.2
6.0 63.8 45 103.8 130 135.1
7.0 67.9 50 103.3 150 139.4
8.0 70.5 55 105.0 160 136.4
9.0 70.6 60 105.5 170 143.7
10 74.0 70 109.4 175 161.2
12.5 76.8 75 107.9
T-141G 132
TABLE 2 . A
Test Mo. ___3____
Acid Cone. 4 9   gpl
Copper Cone. 0.0 gpl















Mickel Cone. 0.0 gpl
Temp. _______  °C
Eo 0.0 mv
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TABLE 2 . A
Test  No. 4
Acid Cone. 100 gpl
Copper Cone. 0.0 gpl
















Nickel Cone. 0.0 gpl 
Temp. 25 °C
Eo 7.6 mv

















TABLE 2 . A
Tcst  Mo. 5 Nickel Cone. 0.0 gpl
Acid Cone. 100 gpl Temp. 25 °C
Copper Cone. ___0.0 gpl Eo 2.7__mv
Current Potential  Current Potential  Current Potential  
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 10.8 6.0 75.5 60 127.5
0.2 18.9 . 7.0 78.2 70 132.6
0.3 24.2 8.0 80.9 75 133.0
0.4 28.8 9.0 83.7 80 136.5
0.6 34.9 10 83.4 85 139.0
0.8 38.6 15 92.6 90 141.5
1.0 43.2 20 100.3 95 135.9
1.5 50.4 25 104.9 100 144.0
2.0 55.5 30 109.4 n o 147.0
2.5 59.6 35 112.9 125 146.5
3.0 63.2 40 116.4 150 159.3
4.0 68.5 45 120.0 175 172.1
5.0 72.2 50 122.5 200 191.5
T-1418 135
TABLE 2 . A
Test No. 6
Acid Cone. 100 gpl
Copper Cone. 10.0 gpl














Nickel Cone. 0.0 gpl 
Temp. 25 °C
Eo 41.0 mv
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TABLE 2 . A
Test No. 7
Acid Cone. 100 gpl
Copper Cone. 10.0 gpl











1 .0 56.1 20
1.5 60.2 25
2.0 63.2 30
Nickel Cone. 0.0 gpl
Temp. 25 °C
Eo 42.5 mv
















Test No. 9 Nickel Cone. 0.0 gpl
Acid Cone. 100 gpl Temp. 25 °C
Copper Cone. 10.0 gpl Eo 40.0 mv
Current Potential Current Potential Current Potential
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 43.8 7.0 80.8 55 116.1
0.2 47.6 . 8.0 82.9 60 116.9
0.3 49.4 9.0 84.1 65 118.8
0.4 50.3 10 84.8 70 119.7
0.6 52.4 15 91.8 75 120.5
0.8 54.0 20 96.8 80 121.4
1.0 54.1 25 100.7 85 125.3
2.0 61.3 30 103.7 90 127.2
3.0 65.8 35 108.6 95 127.0
4.0 70.5 40 109.5 100 131.5
5.0 74.6 45 111.4 110 133.3
6.0 77.7 50 113.1 125 136.1
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TABLE 2.A
Test No. 10 Nickel Cone. 1.0 gpl
Acid Cone. 100 gpl Temp. 25 °C
Copper Cone. 10.0 gpl Eo 45.0 mv
Current Potential Current Potential Current Potential
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 46.8 8.0 84.4 65 120.3
0.2 48.6 ■ 9.0 84.0 70 122.1
0.3 49.9 10 36.8 75 125.0
0.4 51.2 15 93.7 80 125.7
0.6 52.9 20 99.7 85 128.6
0.8 54.5 25 102.5 90 130.4
1.0 56.1 30 105.4 95 134.8
2.0 61.2 35 108.2 100 132.6
3.0 65.3 40 110.1 110 137.4
4.0 71 .4 45 111.9 125 139.9
5.0 76.0 50 113.7 140 147.7
6.0 79.1 55 116.6 150 180.3
7.0 82.3 60 117.3
T -1413 139
TABLE 2 . A
Test Mo. 11
Acid Cone. 100 gpl
Copper Cone. 10.0 gpl
Current Potential  Current 
(ma) (mv) (ma)
0.1 47.3 9.0












Mickel Cone. 1.0 gpl
Temp. 25 °C
Eo 45.5 mv
















TADLE 2 . A
Test No. 12
Acid Cone. 100 gpl
Copper Cone. 10.0 gpl
Nickel Cone. 1.0 gpl 
Temp. 25 °C 
Eo 47.2 mv
Current Potential  Current Potential  Current Potential 
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 49.8 10 97.0 70 126.1
0.3 54.9 . 15 99.8 75 126.0
0.4 57.2 20 104.8 80 129.8
0.6 60.9 25 108.6 85 131.7
0.8 64.5 30 112.6 90 132.5
1.0 66.1 35 113.3 96 138.1
2.0 . 76.2 40 116.3 100 140.8
3.0 82.8 45 117.0 110 142.5
4.0 87.9 50 118.8 125 139.9
7.0 95.6 55 120.7 140 142.5
8.0 96.7 60 122.5 150 170.0
9.0 96.9 65 124.4 160 192.4
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TAF3LE 2 .  A
Test No. 13
Acid Cone. 100 gpl 
Copper Cone. 10.0 gpl
Current Potential  Current 
(ma) (mv) (ma)
0.1 46.8 8.0










Nickel Cone. 5.0 gpl
Temp. 25 °C
Eo 44.0 mv
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TABLE 2 . A
Test  No. 14
Acid Cone. 100 gpl
Copper Cone. 10.0 gpl
Nickel Cone. 5.0 gpl 














0.1 45.8 8.0 82.4 65 119.6
0.2 47.6 . 9.0 81.5 70 121.2
0.4 50.7 15 89.8 75 121.7
0.6 52.3 20 94.5 80 124.3
0.8 53.4 25 100.1 85 126.9
1.0 54.5 30 103.7 90 127.4
2.0 59.6 35 107.2 95 123.8
3.0 63.6 40 109.9 100 124.8
4.0 69.7 45 111.4 n o 131 .2
5.0 73.8 50 114.0 125 127.8
6.0 77.3 55 115.5 140 134.6
7.0 80.4 60 118.0 150 171.8
I -14 1 0 143
TABLE 2 . A
Test No. 15
Acid Cone. 100 gpl
Copper Cone. 10.0 gpl















Nickel Cone. 10.0 gpl 
Temp. 25 °C
Eo 44.0 mv
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TABLE 2 . A
Test No. 16
Acid Cone. 100 gpl
Copper Cone. 10.0 gpl




























Nickel Cone. 10.0 gpl 
Temp. 25 °C
Eo 43.0 mv
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TABLE 2 . A
Test Mo. 17
Acid Cone. 100 gpl
Copper Cone. 10.0 gpl




























nickel Cone. 15.0 gpl 
Temp. 25 °C
Eo 42.5 mv














T - 1 4 1 8 14G
TABLE 2 . A
Test No. 18__  Nickel Cone. 15.0 gpl
Acicl Cone. 100 gpl Temp. 25 °C
Copper Cone. 10.0 gpl Eo 43.0 mv
Current Potential  Current Potential Current Potential  
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 44.8 8.0 80.8 60 122.9
0.2 46.6 9.0 84.2 65 124.7
0.4 49.2 10 83.7 70 130.7
0.6 51.7 15 89.7 75 130.6
0.8 53.3 20 95.7 80 130.3
1.0 54.9 25 101.6 85 136.8
2.0 61.3 30 105.6 90 131.5
3.0 65.7 35 109.4 95 131.4
4.0 69.6 40 111.3 100 131.2
5.0 73.0 45 114.2 110 136.1
6.0 75.5 50 117.1 125 161.5
7.0 78.9 55 119.9
T- 1/! 1 o 147
TABLE 2 . A
Test [Jo. 19
Acid Cone. 100 gpl
Copper Cone. __30.0 gpl














Current Potential  
(ma) (mv)
8 . 0 9 4 . 9
9 . 0 9 6 . 9
10 9 7 . 9
15 1 0 1 . 8
20 1 0 4 . 5
25 1 0 8 . 4
30 m . i
35 1 1 5 . 0
40 1 1 6 . 8
45 1 1 9 . 5
50 1 2 1 . 3
Nickel Cone. 0.0 gpl 
Temp. 25 °C
Eo 64.0 mv
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TABLE 2 . A
Tcst  Mo. 20 Nickel Cone. 0.0 gpl
Acid Cone. 100 gpl Temp. 25 °C
Copper Cone. 30.0 gpl Eo 61.0 mv
Current Potent ia l  Current Potential  Current Potential  
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 62.8 7.0 89.8 50 130.5
0.2 64.6 8.0 90.8 55 133.3
0.4 67.1 9.0 91.8 60 135.1
0.6 68.7 10 93.8 65 139.9
0.8 69.8 15 102.8 70 142.8
1.0 70.4 20 108.6 75 144.6
2.0 75.3 25 114.5 80 145.7
3.0 79.7 30 116.2 85 155.9
4.0 82.6 35 121 .1 90 168.0
5.0 85.4 40 125.0 95 183.2




Acid Cone. 100 gpl
Copper Cone. 30.0 gpl















0.1 62.3 8 .0 90.8 55 117.9
0 .2 63 .6 9 .0 91 .8 60 119.7
0 .4 65.1 10 93.8 65 120.4
0 .6 66 .7 15 100.7 70 119.2
0 .8 68 .3 20 104.5 75 121.0
1.0 69.4 25 108.4 80 123.7
2 .0 74 .8 30 109.1 85 124.5
3 .0 78.7 35 111 .9 90 124.6
4 .0 82.1 40 112.7 95 124.5
5 .0 85.9 45 113.4 100 126.3
6 .0 88 .3 50 115.2 n o 139.3
7 .0 88 .8
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TABLE 2 . A
Test No. 22
Acid Cone. 100 gpl 
Copper Cone. 30.0 gpl














Nickel Cone. 1.0 gpl 
Temp. 25 °C
Eo 62.0 mv
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TABLE 2 . A
Test No. 23
Acid Cone. 100 gpl
Copper Cone. 30.0 gpl













Nickel Cone. 1.0 gpl 
Temp. 25 °C
Eo 61.0 mv














Test No. 24 Nickel Cone. 5.0 gpl
Acid Cone. 100 gpl Temp. 25 °c













0.1 63.8 7.0 92.4 45 121.2
0.2 65.6 8.0 93.3 50 123.6
0.4 69.1 9.0 94.2 55 125.0
0.6 70.7 10 96.1 60 126.4
0.8 72.7 15 102.6 65 129.8
1.0 73.3 20 108.1 70 132.2
2.0 80.6 25 109.5 75 134.7
3.0 85.4 30 112.9 80 138.5
4.0 87.2 35 117.4 85 139.0




Test No. 25 Nickel Cone. 5.0 gpl
Acid Cone. 100 gpl Temp. 25 °C
Copper Cone 30.0 gpl Eo 60,5 mv
Current Potential Current Potential Current Potential
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 61.8 5.0 84.1 35 118.4
0.2 63.1 6.0 85.9 40 119.8
0.4 65.1 7.0 88.3 45 123.2
0.6 66.2 8.0 88.2 50 125.6
0.8 67.7 9.0 90.1 55 129.1
1.0 68.8 15 99.5 60 134.5
2.0 73.6 20 105.1 65 145.2
3.0 77.4 25 109.5 70 150.7
4.0 80.7 30 112.9 75 153.7
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TABLE 2 . A
Test 26 Nickel Cone. 5.0 gpl
Acid Cone. 100 gpl Temp. 40 °C













0.1 72.8 7.0 90.4 50 124.4
0.2 73.6 8.0 91.6 55 126.3
0.4 74.7 9.0 92.9 60 130.3
0.6 75.9 10 94.1 65 132.1
0.8 76.5 15 10C.0 70 135.1
1.0 77.1 20 106.0 75 139.0
2.0 80.7 25 111.0 80 141.9
3.0 83.3 30 112.9 85 144.8
4.0 86.5 35 115.8 90 147.2
5.0 88.6 40 118.7 95 151.2
6.0 87.7 45 121.7 100 162.4
T -1 4 1 8
TABLE 2 . A
Test No. 27 Nickel Cone. 5.0 gpl
Acid Cone. 100 gpl Temp. 40 °C













0.1 73.8 7.0 90.4 50 126.5
0.2 74.6 8.0 90.6 55 129.5
0.4 75.7 9.0 91.9 60 132.3
0.6 76.9 10 94.1 65 136.2
0.8 77.5 15 100.0 70 138.1
1.0 78.1 20 106.0 75 142.1
2.0 80.2 25 111 .0 80 145.0
3.0 82.8 30 113.9 85 147.9
4.0 86.0 35 117.8 90 151.3
5.0 88.1 40 120.7 95 161.5
6.0 88.7 45 123.7
T - 1 4 1 8
TABLE 2 . A
Tost No. 28
Acid Cone. 100 gpl
Copper Cone. 30.0 gpl














Nickel Cone. 10.0 gpl 
Temp. 40 °C
Eo 72.0 mv
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TABLE 2 . A
Tost No. 29
Acid Cone. 100 gpl
Copper Cone. 30.0 gpl













Nickel Cone. 10.0 gpl 
Temp. 25 °C
Eo 63.0 mv














TABLE 2 . A
Test No. 30 Nickel Cone. 10.0 gpl
Acid Cone. 100 gpl Temp. 25 °C
Copper Cone. 30.0 gpl Eo 63.5 mv
Current Potential  Current Potential  Current Potential  
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 63.8 8.0 92.6 55 137.9
0.2 64.0 9.0 94.5 60 141.9
0.4 65.6 10 97.3 65 146.0
0.6 67.1 15 105.5 70 149.0
0.8 68.7 20 112.6 75 149.4
1.0 69.2 25 116.7 80 153.5
2.0 75.0 30 120.7 85 152.5
3.0 79.2 35 123.7 90 156.6
4.0 82.9 40 127.8 95 160.7
5.0 86.6 45 131.8 100 164.9





Acid Cone. 100 gpl
Copper Cone. 30.0 gpl















Nickel Cone. 15.0 gpl 
Temp. 25 °C 
Eo 63.0 mv












134.8 n o 169.2
136.4 125 180.4
I  - 1 ‘1 ICO
TABLE 2 . A
Test No. 32 Nickel Cone. 15.0 gpl
Acid Cone. 100 gpl Temp. 25 °C
Copper Cone. 30.0 gpl Eo 62.0 mv
Current Potential  Current Potential  Current Potential  
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 63.8 9.0 96.8 65 142.7
0.2 65.5 • 10 99.6 70 143.2
0.4 68.0 15 108.4 75 143.3
0.6 70.1 20 114.0 80 147.0
0.8 71.6 25 118.7 85 145.5
1.0 73.1 30 122.3 90 149.2
2.0 78.8 35 125.0 95 152.9
3.0 82.9 40 127.6 100 154.6
4.0 86.6 45 130.2 105 155.2
5.0 89.2 50 133.8 110 164.1
6.0 91.6 55 135.4 125 180.4
7.0 93.3 60 139.0 140 215.6
8.0 96.1
T-141 8 1 61
TABLE 2 . A
T e s t  No. 33 N i c k e l  Cone. 1 5 . 0  g p l
Acid Cone. 100 gpl Temp. 40 °C













0.1 74.8 15 103.1 85 135.1
0.2 75.6 20 108.4 90 134.8
0.4 76.7 25 112.6 95 136.0
0.6 77.8 30 114.9 100 135.2
0.8 79.4 35 119.1 105 134.4
1.0 80.0 40 119.3 n o 138.7
2.0 84.0 45 119.5 125 139.4
3.0 86.4 50 121.7 140 145.2
4.0 88.4 55 124.9 150 150.8
5.0 90.4 60 127.1 160 156.4
6.0 91.5 65 128.3’ 175 162.2
7.0 92.6 70 129.5 190 159.1
8.0 93.6 75 131 .7 200 164.5
9.0 95.7 80 134.0 210 175.0
10 96.8
i - 1418
TABLE 2 . A
Test No. 34 Nickel Cone. 15.0 gpl
Acid Cone. 100 gpl Temp. 40 °C













0.1 75.8 9.0 95.7 70 129.5
0.2 76.6 10 96.8 75 131.7
0.4 78.2 15 104.6 80 131.9
0.6 79.8 20 108.4 85 134.1
0.8 80.9 25 112.6 90 134.8
1.0 81.5 30 114.9 95 136.0
2.0 85.0 35 119.1 100 135.2
3.0 87.9 40 119.3 105 133.4
4.0 90.4 45 121.5 110 133.6
5.0 90.9 50 123.7 125 136.3
6.0 93.6 55 124.9. 140 140.0
7.0 94.6 60 126.1 150 150.8
8.0 95.7 65 128.3 160 156.4
T- 1410
TABLE 2 . A
T e s t  No. 35
Acid Cone. 100 gpl
Copper Cone. 30.0 gpl















0.1 90.8 30 118.5 105 145.1
0.2 91.6 35 122.0 n o 146.6
0.4 92.3 40 124.5 125 151.1
0.6 92.9 45 124.9 140 155.6
0.8 93.6 50 127.4 150 163.8
1.0 94.2 55 128.9 160 1 6 6 . 8
2.0 95.5 60 131.4 175 171.3
3.0 94.7 65 133.9 190 175.8
4.0 97.6 70 135.3 200 180.4
5.0 98.9 75 136.8 210 183.3
6.0 99.2 80 138.2 225 184.5
8.0 100.8 85 141 .7 240 191.9
10 103.5 90 142.2 250 196.8
15 109.0 95 144.1 275 207.1
20 112.5 100 145.6 300 228.1
25 116.0
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TABLE 2 . A
Tes t  No. 36 N i c k e l  Cone. 1 5 . 0  g p l
Acid Cone. 100 gpl Temp. 60 °C
Copper Cone. 30.0 gpl Eo 89.5 mv
Current Potential  Current Potential  Current Potential  
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 89.8 25 113.0 100 143.6
0.2 90.1 30 115.4 105 143.0
0.4 90.8 35 117.9 n o 146.6
0.6 91.9 40 121.4 125 149.0
0.8 92.1 45 122.9 140 155.6
1.0 92.2 50 125.4 150 160.7
2.0 94.0 55 127.9 160 163.7
3.0 94.7 60 130.3 175 168.2
4.0 96.6 65 132.8 190 175.8
5.0 96.9 70 134.3 200 175.3
6.0 98.2 75 135.7 210 183.3
8.0 98.8 80 138.2 225 187.6
10 101.4 85 141.7 250 196.8
15 107.0 90 142.2 260 202.8
20 109.5 95 143.1 275 202.0
f  ■ 141 o 165
TABLE 2 . A
T e s t  No. 37
Acid Cone. 49 gpl
Copper Cone. 4.76 gpl

















Nickel Cone. 0.0 gpl 
Temp. 30 °C
Eo 40.5 mv


















Co l l  Des ig ns fo r  Empi r i c a l  Experiments
The ce l ls  and electrode holders used fo r  the empirical exper i­
ments were constructed o f  p lex ig las .  This was done in order to insure 
tha t  no metal parts except the electrode surface were exposed to the 
e le c t ro ly te .  Figures B . l ,  B.2, and B.3 show the de ta i ls  o f  the c e l l s ,  
electrode holders and electrode j i g  respective ly.
The ce l l  provided v e r s a t i l i t y  in changing both the horizontal 
and v e r t ica l  spacing of the electrodes. The electrode guide provided 
a means o f  locating the electrode holder w i th in  the ce l l  in the same 
manner fo r  each tes t .  I t  was r i g i d  and thus prevented any movement 
o f  the electrode holders during the course o f  an experiment.
The electrode holder shown in Figure B.2 also provided a r i g id  
and repeatable method o f  holding the electrode w i th in  the c e l l .  Elec­
t r i c a l  contact fo r  the electrode was provided via the copper contact in 
the electrode holder. This copper contact was bent so that  as the re­
ta in e r  plate was screwed onto the body of  the electrode holder i t  
pressed the electrode against the copper contact. Si l icone stopcock 
grease was used to seal the electrode in the electrode holder. This 
prevented any e le c t ro ly te  from reaching the copper contact. The 
screws used to fasten the re ta ine r  p la te were made of  nylon.
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The electrode j i g  consisted of a back and f ro n t  piece which were 
screwed together loosely. A taped electrode was inserted in to  the j i g  
by s l ipp ing i t  in to  the 0.006" groove. Next,two plexig las blocks 
measuring 1.2" x 1.2" were placed against the electrode by posi t ioning 
them as shown by the shaded area in Figure B.3. These blocks were 
then clamped onto the electrode using a small C-clamp. The electrode 
was then removed from the j i g  by simply pu l l ing  i t  out o f  the groove.
I t  was then ready to have a taped area of  1.2" x 1.2" cut and removed. 
By using th is  j i g  i t  was possible to produce electrodes which a l l  had 
iden t ica l  geometric cha rac te r is t ics .  Each electrode had the same ex­
posed area and could be posit ioned in the electrode holder the same 
way each time.
Figure B.4 shows the de ta i ls  o f  the magnetic s t i r r e r  that was 
constructed in order to insure reproducible s t i r r i n g  cha rac te r is t ics .
I t  to was constructed o f  p lex ig las .  The copper tubes shown were there 
to provide a means o f  connecting the magnetic s t i r r e r  to i t s  necessary 
power and to provide a means of cool ing, via forced a i r ,  should the 
s t i r r e r  become overheated. A l l  screws used in the construct ion of  the 
magnetic s t i r r e r  were brass and were countersunk.
The pos i t ion ing bar as shown in Figure B.5 was placed in the 
3/8" groove o f  the guide also shown in Figure B.5. Once th is  pos i t ion ­
ing bar was located in the guide i t  provided a means o f  placing the 
ce l l  onto the magnetic s t i r r e r  in a reproducible manner. This insured 
that  the s t i r r i n g  bar w i th in  the ce l l  was located in the same manner 















































Construction o f  and Problems With the U-tube.
Detai led drawings of  the U-tube and electrode holder are shown 
in Figures C.l and C.2 respective ly . When designing the U-tube and 
electrode holder several factors  had to be considered. The basic design 
factors  were s im p l i c i t y  and economy. The ce l l  also had to be v e rsa t i le .  
I t  had to have the cap ab i l i t ie s  o f  a contro l led atmosphere, measurements 
at elevated temperatures, lack of  contamination and ease in cleaning.
U-tube
The U-tube i t s e l f  was constructed of  Pyrex brand glass. A 
f r i t t e d  glass ( coarse g r i t  ) gas i n l e t  tube was posit ioned in each arm 
o f  the tube. This was done in order to al low a purging atmosphere to 
be introduced in to  the e le c t ro ly te .  The f r i t t e d  glass permitted a more 
rapid purging by dispersing the purging gas through the solu t ion in the 
form o f  many small bubbles. The electrode holder was f i t t e d  wi th an 
o u t le t  hole which enabled the purging atmosphere to be d i r e c t l y  vented 
in to  the atmosphere. The f r i t t e d  glass disc ( f ine  g r i t  ) d iv id ing 
the two arms of the U-tube was needed in order to minimize mixing by 
convection. Div is ion o f  the U-tube by such a method is standard prac­
t i c e  in po la r iza t ion  studies and in no way disturbs the current f low.
Electrode Holder
The electrode holder was designed fo r  use in the U-tube and fo r
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use with the type o f  sample material avai lable. The holder was con­
structed of glass tubing 0.3" outside diameter upon which a la rger ,  
threaded glass tube was attached at a 90° angle. A bakel i te  cap with 
a 0.4" hole d r i l l e d  through the center was used to secure the sample 
to the holder. An o-r ing was used to prevent leakage. E lec t r ica l  
contact was mad via a th in  copper contact which in turn was attached to
a shielded wire which lead through the stem of  the holder.
The stem of  the holder was mounted eccen t r ica l ly  in the nylon 
stopper which was machined to f i t  the ground j o i n t  o f  the U-tube. The 
e c c e n t r ic i t y  in the mounting provided a great deal o f  v e r s a t i l i t y  when 
pos i t ion ing the e lec trode. '  This mounting provided fo r  both ve r t ica l  
and hor izontal movement.
Figure C.3 shows in de ta i l  the method used to connect the 
Luggin-Haber probe to the reference electrode. The probe i t s e l f  was
f i l l e d  with a special agar gel ( see Appendix H ). I t  was held to the
U-tube by Tygon tubing. The tubing was f i l l e d  wi th saturated potassium 
ch lor ide making sure tha t  no a i r  bubbles were trapped in the so lu t ion .  
This tubing was then connected to a large diameter glass v ia l  which 
also contained saturated potassium chloride and in which there was a 
saturated calomel electrode.
Shortcomings of  the U-tube
Although the tube was designed with many factors  in mind i t  
did have some shortcomings. Many problems arose during use of  the 
U-tube. The provisions made fo r  the Luggin-Haber probe were not e n t i re ly  
sa t is fa c to ry .  Two main problems arose in th is  area. The probe was
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hard to maintain and quite often fa i le d  because of  a i r  entrapment in the 
saturated potassium chloride solut ion or because of  loss of the agar gel 
plug. I t  was also d i f f i c u l t  to pos i t ion the probe exactly equid is tant 
from the electrode surface each time the electrode was changed. This 
fac to r  introduced some random error  in the IR drop correct ions appl ied 
to the potentia l  readings since these correct ions depend on the probe 
to electrode distance.
Another serious problem arose because of  the geometry o f  the 
U-tube. I f  i t  is supposed that  the surfaces o f  the anode and cathode 
are two para l le l  and i n f i n i t e  planes, each o f  which is  an equipotent ia l  
plane, then i t  is  obvious from geometrical considerat ions tha t  the 
potentia l  d i s t r ib u t io n  between them can also be represented by a series 
o f  planes pa ra l le l  to the two electrode surfaces. This is  shown in 
Figure C.4, where planes A and B are electrodes and planes 1 - 7 are 
equipotent ia l  planes.
Two terms should now be defined. A " l i n e  o f  current f low" is  a 
l in e  which at  a l l  times is in the d i rec t ion  of  current f low. A second 
useful term is tha t  of  "surfaces o f  current f low" ,  which is a surface 
tha t  at  no time in tersects  a l in e  of current f low. So, i f  any one 
point  of  a l in e  o f  current f low l ie s  in a given surface of  current 
f low then the en t i re  l in e  l ie s  w i th in  the surface. I t  also fo l lows 
tha t  a surface of  current f low is necessari ly always perpendicular to 
every equipotent ia l  surface.
Figure C.4 represents a s i tua t ion  in which the two electrode 
surfaces are p a ra l le l .  This s i tua t ion  is  cal led a l inea r  conductor
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and may be thought of  as a wire of  constant cross-sect ion. In th is  i n ­
stance a l ine  o f  current f low is represented by a l in e  perpendicular to 
the two electrode surfaces. A surface of  current f low would be a plane 
perpendicular to and in te rsect ing  both electrode surfaces.
An example of  another s i tua t ion  is shown in Figure C.5. Here the 
electrode surfaces are inc l ined to each other. In th is  s i tua t ion  AD 
may be considered to be an equipotent ia l  plane some distance from the 
electrode surface represented by BC. As the plane AD is  approached the 
system tends to simulate a l inea r  conductor; tha t  is  to say, the equi­
potentia l  surfaces are para l le l  planes and the per u n i t  potentia l  d i f ­
ferences are equal ly space.
However, as the plane BC is approached the equipotent ia l  sur­
faces tend to bend u n t i l  at BC they assume the shape of BC. From pre­
vious d e f in i t io n s  i t  then fol lows that  the l ines of  current f low must 
also bend in order to remain perpendicular to the equipotent ia l  sur­
faces. This means tha t  there w i l l  be a higher current density  a t  B 
than there w i l l  be at C.
The same type of  s i tua t ion  was present in the U-tube. From 
Figure C.6 i t  is  possible to see that  i f  the Luggin-Haber probe was 
posit ioned at point A, then the probe would be in te rsect ing  only one 
equipotent ia l  surface. However, at point B the probe might be i n t e r ­
secting two or more equipotent ia l  surfaces. This would give potentia l  
readings tha t  were of  a mixed nature. The l ikelyhood o f  t h i s  having 
occurred during any of the po la r iza t ion  experiments was small ,  since 
the probe was always posit ioned at the center of the electrode surface.
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A second problem with the probe that arises in th is  s i tua t ion  
is tha t  o f  the IR drop correct ions. A l l  IR drop correct ions were made 
assuming a rectangular volume of e le c t ro ly te  between the probe t i p  and 
the electrode surface. However, Figure C.6 shows there to be a 
non-rectangular volume with a cross-section o f  abed. This would cer­
t a in l y  introduce some errors.
The actual presence of a higher current density at the bottom 
of the electrode surface was shown to be true experimental ly. Figure 
C.7 shows a photograph of  an actual electrode sample. I t  can be seen 
that a small port ion o f  the electrode was corroded through. This por­
t ion  had been the bottom of  the electrode and th e o re t ic a l l y  had the 
highest current densi ty.
The preceding discussion was based on the assumption tha t  the 
electrodes are i n f i n i t e  planes. In actual pract ice the electrodes were 
f i n i t e  and th is  made a d i f fe rence.  By looking at Figure C.5 i t  is  ev i ­
dent that  th e o re t ic a l l y  the highest current density should occur at the 
very bottom of the electrode,  however, Figure C.7 shows that  in actual 
pract ice the highest current density  occurred not at the extreme bottom 
of  the electrode but at some point  higher up and more towards the center 
of  the electrode.
This is  due to some shie ld ing ef fec ts  of  the electrode holder as 
shown in Figure C.8. From th is  f igu re  i t  can be seen that the bakel i te  
cap and o-r ing in te r fe red  with the l ines o f  current f low by introducing 
a sharper corner fo r  them to go around. This meant the point  of high­
est current density was moved upward. This s i tua t ion  also produced the 



























































































/  '  /  /  /  '  ' ' F
/ / ' / / /  s'
/  /  ' / / / S ' S
/ » '  / /  / '
< / /  /  '
/ /
! ! :  I  i  /  / / / / / ; :





FIGURE C.7 Photograph Of An Actual 
Electrode Surface
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APPENDIX D 
Sample Preparation
A standard method o f electrode preparation was devised in order 
to assure ide n tica l electrode surfaces throughout the empirical tes ts .
The method is  as fo llow s:
Step 1. Each electrode consisting o f a piece o f copper f o i l  measuring 
2 " x 2 1/ 2 " was given an i n i t i a l  cleaning and etch by immersing i t  in a 
near b o i l in g  30% n i t r i c  acid so lu tion  fo r  a period of 10 seconds.
Step 2. A fte r  the i n i t i a l  cleaning and etch each electrode was com­
p le te ly  taped on both sides using Scotch brand E lec trop la t ing  Tape No. 
470. The taped electrode was then passed between a set o f steel ro l le rs  
to insure tha t the tape was adhering securely.
Step 3. Next an area o f tape measuring 1.2" x 1.2" was removed in 
order to expose a working surface. This was done by using a j i g  as 
shown in Figure B.3, Appendix B. The taped electrode was slipped in to  
the j i g  by inse rt ing  i t  in to  the recessed area shown. Next two blocks 
o f p lex ig las  measuring 1.2" x 1.2" were clamped onto the e lectrode. The 
electrode was then removed from the j i g  and a razor blade used to cut 
the tape around one block. The blocks were then removed and the cut tape 
pulled o f f  to expose the working area.
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Step 4. The electrode was then given a f in a l  cleaning and etch by 
again immersing i t  in a near b o il in g  30% n i t r i c  acid so lu tion fo r  a 
period o f 10 seconds.
Step 5. A small s t r ip  o f tape was then removed from the top back 
part o f the electrode. This was necessary in order to assure e le c t r i ­
cal contact w ith the copper s t r ip  in the electrode holder. The sample 
was then loaded in to  the electrode holder. S ilicone grease was used to 
seal the electrode in the electrode holder. This insured tha t the 
e le c t ro ly te  was in contact only w ith the working surface o f the e lec­
trode.
Step 6 . The la s t  step was to load the electrode holders containing 
the electrodes in to  the c e l l .  Spacing o f the electrode holders was 
accomplished by using spacing bars made o f p lex ig las  held between the 
electrode holders as they were fastened in to  the c e l l .  These spacing 
bars were then removed. The use o f these bars assured a constant 
spacing o f the electrodes from te s t to te s t .  They also assured tha t 
the electrodes would be id e n t ic a l ly  spaced in re la t io n sh ip  to the s t i r ­
ring  bar from te s t  to te s t .
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APPENDIX E
Calculation o f Specific  Conductance 
Values Used in IR Drop Corrections
To properly correct the data o f the po la r iza t io n  tests  fo r ' IR  
drop, the sp e c if ic  conductance o f each so lu tion  had to be known.
These values were not experimentally measured and therefore had to be 
ca lcu la ted . This was done by using a method proposed by Skowronski 
and Reinoso ( Skowronski and Reinoso, 1927 ). By using th e i r  data 
and data co llected e a r l ie r  by Kern and Chang ( Kern and Chang, 1922 ) 
i t  was possible to re a d i ly  determine the sp e c if ic  conductance o f the 
te s t  so lu tions involved.
Skowronski and Reinoso found tha t w ith in  the l im i ts  o f th e i r  
e le c t ro ly te  composition the e f fe c t  o f copper, n ic k e l,  arsenic and iron 
on increasing the r e s is t i v i t y  of the e le c tro ly te  was d i re c t ly  propor­
t ion a l to the amount added. They developed a term which they called the 
"percentage r e s is t i v i t y " .  This fa c to r  is  used to express the percentage 
d iffe rence  in r e s is t i v i t y  o f any e le c tro ly te  as compared to a standard 
e le c t ro ly te .
By using such a system i t  was possible fo r  Skowronski and Reinoso 
to determine tha t even though the addition o f copper, n ic k e l,  iron and 
arsenic to a s u l fu r ic  acid e le c tro ly te  increased the r e s is t i v i t y  a t 
varying acid concentrations the percentage r e s is t i v i t y  remained constant 
as i f  no m e ta l l ic  sa lts  had been added.
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From th e i r  data they found the fo llow ing percentage r e s is t iv i t i e s  
using a base e le c tro ly te  o f 150 gpl I^SO^ at a temperature o f 55°C
o
( th is  e le c tro ly te  had a spe c if ic  resistance p = 1/ k = 1.364 ohms/cm )
Percentage r e s is t i v i t y  o f copper = 100.000 + 0.657 ( gpl Cu )
Percentage r e s is t i v i t y  o f nickel = 100.000 + 0.766 ( gpl Mi )
A comparison o f specific- conductance values calculated by th is  method
fo r  actual re f in in g  e le c tro ly te s  and measured values show an e r ro r  o f
less than 1%.
Sample Calculation
A sample ca lcu la t ion  fo r  the e le c tro ly te  o f tes ts  13 and 14 is  
shown below. The e le c tro ly te  composition was:
Copper = 10 gpl
Nickel = 5 gpl
H2SO4 = 100  gpl
Temperature = 25 °C
Percentage r e s is t i v i t y  o f Copper = 100.000 + 0.657 ( 10 )
Percentage r e s is t i v i t y  o f Copper = 106.57 %
Percentage r e s is t i v i t y  o f  Nickel = 100.000 + 0.766 ( 5 )
Percentage r e s is t i v i t y  o f Nickel = 103.83 %
Percentage r e s is t i v i t y  o f HgSO/j = 180.37 % *
Total percentage r e s is t i v i t y  = 106.57 % x 103.83 % x 180.37 %
Total percentage r e s is t i v i t y  = 199.47 %
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Specific  resistance = 1.9947 x 1.364
Spec if ic  resistance = 2.722 = p
Specific  conductance = 1/p = 1/2.722 = 0.367 = k
*The value o f percentage r e s is t i v i t y  fo r  the H2 SO4 is  arrived at by
f i r s t  f in d in g  the percentage r e s is t i v i t y  o f 100 gpl H2SO4 at 55 °C and 
then correc ting  th is  fo r  25 °C.
Percentage r e s is t i v i t y  o f 100 gpl H2 SO4 at 55 °C = 139.48 % ( as
against the standard o f 150 gpl H2 SO4 at 55 °C )
Percentage r e s is t i v i t y  o f loo gpl H2 SO4 at 25 °C = 129.32 %
Total percentage r e s is t i v i t y  = .39.48 % x 129.32 %
Total percentage r e s is t i v i t y  = 180.37 %
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TABLE l . E
Specif ic  Conductance Values 





1 0 . 2 1 2 20 0.339
2 0 . 2 1 2 21 0.339
3 0 . 2 1 2 22 0.337
4 0.407 23 0.337
5 0.407 24 0.327
6 0.380 25 0.327
7 0.380 26 0.380
8 0.380 27 0.380
9 0.380 28 0.367
10 0.378 29 0.315
11 0.378 30 0.315
12 0.378 31 0.304
13 0.367 32 0.304
14 0.367 33 0.354
15 0.354 34 0.354
16 0.354 35 0.406
17 0.342 36 0.406
18 0.342 37 0.215
19 0.339
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APPENDIX F
Computer Programs Used in Polar iza tion  Calculations
Various ca lcu la tions fo r  the po la r iza t ion  tests were done using 
a computer. A l i s t in g  o f each program in Basic Language is  given in th is  
appendix.
Program Number 1
This program was used to correct the po ten tia l readings as read 
on the electrometer. I t  was found by comparing the electrometer to a 
secondary standard tha t i t  did not give accurate measurements. This 
program took the data from the electrometer and corrected i t  fo r  the 
errors present in the readings.
Program Number 2
This program was used to make the IR drop corrections on the 
po ten tia l readings corrected in Program Number 1.
Program Number 3
This program is a curve f i t t i n g  program using a 1east-squares 
polynomial method and was used to smooth some o f the data from Program 
Number 2.
Program Number 4
This program is also a curve f i t t i n g  program using 1east-squares 
and was also used to smooth some o f the data from Program Number 2.
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Program Number 5
This program was used to ca lcu la te exchange current densities and 
overvoltages using both theore tica l and experimental parameters.
PROGRAM NUMBER 1
10 PRINT 11 -k ic k -k ic k  ■k 'k 'k 'k -k 'k 'k ick jck -k 'k -k 'k -k 'k  K ic k -k ic k  ■k-kick-k-k-k'k-k-k-k'k-k-k'k-k'k'k'k1c,>
20 PRINT »* * n
30 PRINT n * PROGRAM FOR THE CORRECTION OF ELECTROMETER *"
40 PRINT n * POTENTIAL READINGS FOR ANODIC POLARIZATION *"




90 PRINT "Cl = CORRECTION COEFFICIENT FOR 100-300 MILLIVOLTS"
100 PRINT "C2 = CORRECTION COEFFICIENT FOR 300-500 MILLIVOLTS"
110 PRINT "C3 = CORRECTION COEFFICIENT FOR 500-700 MILLIVOLTS"





170 PRINT "TEST NO. T
180 PRINT
190 PRINT
200 PRINT "MEASURED", "CORRECTED" 
210 PRINT "POTENTIAL", "POTENTIAL" 
220 READ C l, C2, C3, C4 
230 DATA 1.026, 1.031, 1.024, 1.022 
240 READ P
250 IF P>30 THEN 280
260 LET PI = P
270 GO TO 410
280 IF P>100 THEN 310
290 LET PI = P + 1
300 GO TO 410
310 IF P>300 THEN 340
320 LET PI = P*C1
330 GO TO 410
340 IF P>500 THEN 370
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350 LET PI = P*C2
360 GO TO 410
370 IF P>700 THEM 400
380 LET PI = P*C3
390 GO TO 410
400 LET PI = P*C4
410 PRINT P, PI







10 DIM 1(50), C(50), P (50), U(50), R(50), D(50)
20 READ T
30 DATA 2
40 READ L, A, K
50 DATA 0.8 , 1.1193, 0.212
60 READ N
70 DATA 45
80 PRINT "PROGRAM FOR THE CALCULATION AND CORRECTION OF THE" 




130 REM THE FOLLOWING LIST IS THAT OF THE NOMENCLATURE USED
140 REM IN THIS PROGRAM
150 REM N = NUMBER OF POINTS
160 REM L = DISTANCE OF CAPILLARY TIP FROM ELECTRODE, CM
170 REM A = CROSS-SECTIONAL AREA OF IR DROP, CM2
180 REM I(N) = CURRENT, AMPS
190 REM C(N) = CURRENT DENSITY, AMPS/CM2
200 REM D(N) = CURRENT DENSITY, MA/CM2
210 REM K = SPECIFIC CONDUCTANCE, OHM-1 CM-1
220 REM T = TEST NUMBER
230 REM P(N) = MEASURED POTENTIAL, MV
240 REM U(N) = CORRECTED POTENTIAL, MV
250 REM R(N) = IR DROP, MV
260 PRINT "TEST NUMBER"; T
270 PRINT
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280 PRINT "NUMBER OF POINTS ="; N
290 PRINT "A = " ;A ;"CM2"
300 PRINT "K = " ;i<; "OHM-l CM-1"




350 PRINT "AMPS",, "MA/CM2", IR DROP","MEAS. P", "CORR. P" 
360 PRINT
370 FOR S = 1 TO N 
380 READ I (S ) ,  P(S)
390 NEXT S
400 GO TO 450
450 FOR W = 1 TO N
460 LET C(W) = I(W) /  (A*1000)
470 LET R(W) = (C(W)*L*1000)/K 
480 LET U(W) = P(W) - R(W)
490 LET D(W) = C(W)*1000
500 PRINT I(W), D(W), R(W), P(W), U(W)









10 DATA 14, 1 
15 READ M, N
20 DIM A(15), B(15), S(15), G(15), U(15)
25 DIM Q(100), P(100), X(100), Y(100), C(100)
30 LET Z = 0
35 LET 0 = 1
40 LET K = 12
45 LET N = N+l
50 IF M>12 THEN 576
55 IF M<N THEN 616
60 IF M>100 THEN 570
70 LET T7 = Z
75 LET T8 = Z
80 LET W7 = Z














FOR I = 1 TO M 




310 NEXT I 
312 LET T9 
314 PRINT 
316 PRINT '
= W7 + X(I)
= T7 + Y( I )
= T8 + Y( I)+2
= (M*T8-T7t2)/(M+2 - M)
L E A S T - S Q U A R E S  P O L Y N O M I A L S "
0 = 
1 = 
















346 FOR I = 1 TO M 
348 LET P (I) = Z 
350 LET Q( I ) = 0 
352 NEXT I 
354 FOR 1 = 1  TO 
356 LET A (I)  = Z 
358 LET B ( I ) = Z 
360 LET S(I) = Z 





372 LET I = 1
374 LET K1 = 2 
376 IF N = 0 THEN 
378 LET K1 = N4
380 LET W = Z
382 FOR L = 1 TO M
384 LET W = W + Y(L)*Q(L)
386 NEXT L 
388 LET S( I ) = W/Wl 
390 IF I-N4>= 0 THEM 428
NUMBER OF POINTS 
MEAN VALUE OF X 
MEAN VALUE OF Y 









FIT NEXT HIGHER DEGREE"
380
T -1 4 1 8 194
391 IF I-fi>= 0 THEN 428
392 LET El = Z 
394 FOR L = 1 TO M
396 LET El = El + X(L)*Q(L)*Q(L)
398 NEXT L 
400 LET El = El/Wl 
402 LET A(I+1) =E1 
404 LET W = Z 
406 FOR L = 1 TO M
408 LET V = (X(L) - E1)*Q(L) - F1*P(L)
410 LET P(L) = Q(L)
412 LET Q(L) = V 
414 LET W = W + V*V 
416 NEXT L 
418 LET FI = W/Wl 
420 LET B(1+2) = FI 
422 LET W1 = W 
424 LET I = 1+1 
426 GO TO 380 
428 FOR L = 0 TO 12 
430 LET G(L) = Z 
432 NEXT L 
434 LET G(l) = 0 
436 FOR J = 1 TO N 
438 LET SI = Z 
440 FOR L = 1 TO N 
442 IF L = 1 THEN 446
444 LET G(L) = G(L) - A(L)*G(L-1) - B(L)*G(L-2) 
446 LET SI = SI + S(L)*G(L)
448 NEXT L
450 LET U(J) = SI
452 LET L = N
454 FOR 12 = 2 TO N
456 LET G(L) = G(L-l)
458 LET L = L-l
460 NEXT 12
462 LET G(1) = Z
464 NEXT J
466 PRINT
468 LET T = Z
470 FOR L = 1 TO M
472 LET C(L) = Z
474 LET J = N
476 FOR 12 = 1 TO N
478 LET C(L) = C(L)*X(L) + U(J)
480 LET J = J - l  
482 NEXT 12
484 LET T3 = Y(L) - C(L)
486 LET T = T + T3+2 
488 NEXT L
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490 IF M<>N THEM 496 
492 LET T5 = 0 
494 GO TO 498 
496 LET T5 = T/(M-N)
498 LET Q7 = 1-T/(T9*(M-1))
500 PRINT
502 PRINT 11 POLYFIT OF DEGREE ";N-1;
504 PRINT " INDEX OF DETERM = ";Q7;
506 GOSUB 622 
508 PRINT 
510 PRINT
512 IF R = 0 THEM 628 
514 IF R = 3 THEN 564 
516 PRINT 11 TERM", "COEFFICIENT"
518 PRINT
520 FOR J = 1 TO N 
522 LET 12 = J - l  
524 PRINT 12, U(J)
526 NEXT J
528 IF R = 1 THEN 558 
530 PRINT
532 PRINT "X-ACTUAL", "Y-ACTUAL", "Y-CALC", "DIFF", "PCT-DIFF"
534 PRINT
536 FOR L = 1 TO M
533 LET Q8 = Y(L) - C(L)
540 PRINT X (L ), Y (L ) , C(L), Q8 
542 IF C(L) = 0 THEN 548 
544 PRINT 100*Q8/C(L)




554 PRINT" STD ERROR OF ESTIMATE FOR Y = " ;  SQR(T5)
556 IF K = N THEN 628
553 PRINT 
560 GOSUB 622
562 GO TO 512
564 LET N = N+l
565 IF N>12 THEN 576
566 IF M<N THEM 616 
568 GO TO 428
570 PRINT
572 PRINT "PROGRAM SIZE LIMIT IS 100 POINTS"
574 GO TO 628
576 PRINT "ELEVENTH DEGREE IS THE LIMIT"
578 GO TO 628 
580 PRINT
582 PRINT "THIS PROGRAM FITS LEAST-SQUARES POLYNOMIALS TO BIVARIATE"
584 PRINT "DATA, USING AN ORTHOGONAL POLYNOMIAL METHOD. LIMITS ARE"















614 GO TO 
616 PRINT 
618 PRINT 





"ALLOWS USER TO SPECIFY THE LOWEST DEGREE POLYNOMIAL TO BE" 
"FIT, AND THEN FITS THE POLYNOMIALS IN ORDER OF ASCENDING" 
"DEGREE. AT EACH STAGE, THE INDEX OF DETERMINATION IS" 
"PRINTED, AND THE USER HAS THE CHOICE OF GOING TO THE NEXT" 
"HIGHER DEGREE FIT, SEEING EITHER OF TWO SUMMARIES OF FIT" 
"AT THAT STAGE, OR OF STOPPING THE PROGRAM. TO USE, TYPE:"
10 DATA N, D"
(WHERE N = NUMBER OF DATA POINTS TO BE READ"
AND D = INITIAL (LOWEST) DEGREE TO BE FIT)"
" 100 DATA X ( l ) ,  Y(1) ,  X (2), Y(2), . . . . , X(N), Y(N)"
(CONTINUATION OF LINES 101 - 299 AS NEEDED)"
" RUN"
628





1 REM THIS PROGRAM FITS A POLYNOMIAL TO A SET OF POINTS. IT
2 REM WILL FIT UP TO THE FIFTH DEGREE BUT WILL PRESENT ROUNDOFF
3 REM ERRORS AT THIS LEVEL. IT IS VERY RELIABLE UP TO THE
4 REM FOURTH DEGREE. THE MAXIMUM NUMBER OF POINTS TO BE USED
5 REM IS 50 UNLESS MODIFICATIONS ARE MADE.




100 DIM X(5 0 ) ,  Y (50), B(50), A(7,7)
110 READ N, K 
120 FOR J = 1 TO N 
130 READ Y(J)
140 NEXT J
150 FOR J = 1 TO N
160 READ X(J)
170 NEXT J
180 LET K1 = K+l 
190 LET K2 = K+2
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200 LET K3 = K+K 
210 FOR M = 1 TO K3
220 LET S = 0
230 FOR I I  = 1  TO N 
240 LET S = S + X (II) tM  
250 NEXT I I
260 LET II  = 1 + (M+l)/2
270 FOR I = 1 TO I I
280 LET J = M - 1+2
290 IF J>6 THEN 320
300 LET A(I ,J) = S
310 LET A (J , I ) = S
320 NEXT I
325 NEXT M
330 FOR I = 1 TO K
340 LET S = 0
350 FOR I I  = 1 TO N
360 LET S = S + Y (I1 )*X (I1 )+ I
370 NEXT I I
330 LET A (1+1,K2) = S
390 NEXT I
400 LET S = 0
410 FOR I I  = 1 TO N
420 LET S = S + Y ( I I )
430 NEXT I I  
440 LET A(1,K2) = S 
450 LET A(1 ,1) = N 
460 FOR I = 1 TO K 
470 LET I I  = I + 1 
480 FOR J = I I  TO K1 
490 LET K3 = K2 + 1 
500 FOR M = I I  TO K2 
510 LET I<3 = K3 - 1




560 LET K3 = K2
570 FOR J = 1 TO K1
580 LET M = K3
590 LET K3 = K3 - 1
600 LET S = 0
610 FOR I = M TO K2
620 IF K2<= I THEN 650
630 LET S = S + A(K3,1 )*B (I)
640 NEXT I
650 LET B(K3) = (A(K3 ,K2)-S)/A(K3,K3)
655 NEXT J
660 PRINT " NUMBER OF POINTS = " ;  N 
670 PRINT
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680 PRINT "DEGREE OF EQUATION = " ;  K 
690 PRINT
700 PRINT "COEFFICIENTS"
710 FOR J = 0 TO K
720 PRINT "B(";J+1 ;" )  = B(J+1)
730 NEXT J 
740 PRINT 
750 PRINT
760 PRINT "INDEPENDENT", "PREDICTED", "OBSERVED", "PERC. ERROR" 
770 PRINT
780 LET A(7,1) = 0
790 FOR I I  = 1 TO N
800 LET S = 0
810 FOR I = 1 TO K1
620 LET J = K1 - I + 1
830 LET S = S*X(I1) + B(J)
840 NEXT I
850 LET A(7,2) = S - Y(I1)
860 LET A(7,1) = A (7 , l )  + A(7,2)*A(7 ,2)
870 PRINT X ( I I ) , S, Y ( I I ) ,  A(7,2)*100/S 
880 NEXT I I  
890 PRINT















140 DIM 1(25), 0(25), L(25), X(25), G(25), H(25), C(25), P(25) 
150 DIM D(25), K(25), F(25), M(25), Q(25), R(25), U(25)
160 PRINT "TEST NO. " ;
170 INPUT T
PROGRAM NUMBER 5
THIS PROGRAM IS FOR THE CALCULATION OF OVERVOLTAGES AND 
EXCHANGE CURRENT DENSITIES. IN PART 1 THE PROGRAM FIRST 
CALCULATES THE EXCHANGE CURRENT DENSITIES USING THE 
THEORETICAL SLOPE VALUE. IT THEN TAKES THE AVERAGE OF THESE 
EXCHANGE CURRENT DENSITIES AND CALCULATES THE CORRESPONDING 
OVERVOLTAGE VALUES. IN PART 2 THE PROGRAM USES EXPERIMENTALLY 
DETERMINED SLOPE AND INTERCEPT VALUES AMD FIRST CALCULATES 
OVERVOLTAGE VALUES. IT THEN CALCULATES EXCHANGE CURRENT 
DENSITIES USING EXPERIMENTAL OVERVOLTAGES. IT THEN RECALCU­
LATES THE EXCHANGE CURRENT DENSITIES USING THE PREVIOUSLY 
CALCULATED OVERVOLTAGE VALUES.
180 IF T = 0 THEN 1380
130 PRINT "NUMBER OF POINTS IS =
200 INPUT N
210 PRINT "SLOPE FACTOR =
220 INPUT S
230 PRINT "EQUILIBRIUM POTENTIAL = " ;




280 FOR J = 1 TO N 
290 READ C(J)
300 NEXT J
310 FOR J = 1 TO N
320 READ P(J)
330 NEXT J
340 REM THIS IS THE BEGINNING OF PART 1 CALCULATIONS
350 LET G(0) = 0
360 FOR J = 1 TO N
370 LET I (J )  = C ( J ) / l .1193-
330 LET 0(J) = P(J) - E
390 LET L(J) = LOG ( I ( J ) )  - (0 (J)/S )
400 LET X(J) = EXP(L(J))
410 LET G(J) = G (J- l) + X(J)
420 NEXT J
430 LET V = G(N)/N
440 FOR J = 1 TO N
450 LET H(J) = (-S*LOG(V)) + (S*LOG(I(J) ) )
460 NEXT J 
470 PRINT 
480 PRINT
490 PRINT "THE FOLLOWING VALUES ARE THEORETICAL USING AN EQUILIBRIUM"
500 PRINT "POTENTIAL OF";E;"MV. AND A SLOPE OF";S
510 PRINT 
520 PRINT
530 PRINT "CURRENT", "C.D. MA/CM2", "POTENTIAL", "OVERVOLTAGE", "EXCHANGE C.D." 
540 FOR J = 1 TO N
550 PRINT C(J), I (J ) , P (J), 0 (J ) ,  X(J)
560 NEXT J 
570 PRINT 
580 PRINT
590 PRINT "THE AVERAGE EXCHANGE CURRENT DENSITY = " ;  V; "MA/CM2"
600 PRINT 
610 PRINT
620 PRINT "USING AN EXCHANGE CURRENT DENSITY OF";V;"MA/CM2 AMD A"
630 PRINT "SLOPE OF";S;"THEN THE CALCULATED OVERVOLTAGES WILL BE:"
640 PRINT 
650 PRINT
660 PRINT "CURRENT", "C.D.MA/CM2", "POTENTIAL","O.V. EXP." , " 0 .V. CALC."
670 FOR J = 1 TO N
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680 PRINT C(J), I ( J ) ,  P(J), 0 (J ) ,  H(J)
690 NEXT J 
700 PRINT 
710 PRINT
720 PRINT "EXPERIMENTAL SLOPE =";
730 INPUT B
740 PRINT "EXPERIMENTAL INTERCEPT = " ;
750 INPUT A 
760 PRINT 
770 PRINT
780 PRINT "THE FOLLOWING VALUES ARE BASED ON EXPERIMENTAL"
790 PRINT "DETERMINED VALUES, WITH AN EQUILIBRIUM POTENTIAL OF"
800 PRINT E; "MV. , AND A SLOPE O F " ;B ; \ "
810 PRINT 
820 PRINT
830 REM THIS IS THE BEGINNING OF PART 2 CALCULATIONS
840 LET R(0) = 0
850 LET U(0) = 0
860 FOR J = 1 TO N
870 LET D(J) = (A-E) + (B*LOG(I(J ) ))
880 LET F(J) = LOG( I ( J )) - (0 (J)/B )
890 LET K(J) = LOG( I (J )) - (D(J)/B)
900 LET M(J) = EXP( F(J))
910 LET Q(J ) = EXP(K(J))
920 LET R(J) = R (J - l)  + M(J)
930 LET U(J) = U (J - l)  + Q(J )
940 NEXT J
950 LET W = R(N)/N
960 LET Y = U(N)/N
970 PRINT "CURRENT","C.D.MA/CM2","POTENTIAL","O.V. EXP.","O.V. CALC."
980 FOR J = 1 TO N
990 PRINT C(J), I ( J ) ,  P(J), 0 (J ) ,  D(J )
1000 NEXT J 
1010 PRINT
1020 PRINT "THE FOLLOWING EXCHANGE CURRENT DENSITIES ARE CALCULATED"
1030 PRINT "USING EXPERIMENTAL OVERVOLTAGES AND EXPERIMENTAL"
1040 PRINT "SLOPE AND INTERCEPT VALUES"
1050 PRINT 
1060 PRINT
1070 PRINT "CURRENT","C.D.MA/CM2","POTENTIAL","O.V. EXP.","EXCHANGE C.D." 
1080 FOR J = 1 TO N
1090 PRINT C (J ), I (J) , P(J) , 0 (J ) ,  M(J )
1100 NEXT J 
1110 PRINT
1120 PRINT "AVERAGE EXCHANGE CURRENT DENSITY = " ;W;"MA/CM2"
1130 PRINT 
1140 PRINT
1150 PRINT "THE FOLLOWING EXCHANGE CURRENT DENSITIES ARE CALCULATED"
1160 PRINT "USING CALCULATED OVERVOLTAGE VALUES AND EXPERIMENTAL"




1200 PRINT "CURRENT","C.D.MA/CM2", "POTENTIAL","O.V. CALC." , "EXCHANGE C.D." 
1210 FOR J = 1 TO N
1220 PRINT C(J), 1 (0 ), P (J), D (J), Q(J)
1230 NEXT J 
1240 PRINT



















Much o f the early  work was plagued with experimental problems. 
I n i t i a l  plans ca lled  fo r  the use o f  two cathodes with one anode spaced 
equally between them. Tests were to be run using the same so lu tion  
analysis but by preparing a new so lu tion  fo r  each te s t  and varying the 
current density fo r  each te s t .  I t  was also planned to deposit only 
a to ta l  o f fou r grams o f copper ( two grams on each cathode ). The 
data fo r  these tests are l is te d  in Table l .A ,  Appendix A and are tests  
1 to 2 0 .
I t  soon became evident however, tha t th is  type o f system would 
not work s a t is fa c to r i ly  because o f three shortcomings. In no case was 
there an equal amount o f copper deposited on each cathode. The average 
variance was approximately 12 % . Nor were the morphological character­
i s t ic s  o f both cathodes the same. Current e f f ic ie n c ie s  were e r ra t ic  
and did not fo l lo w  the usual pattern. Instead o f decreasing w ith in ­
creasing current density the current e f f ic ie n c y  increased to a peak and 
then decreased.
I t  was f e l t  tha t these shortcomings were due to a combination of 
several fac to rs . One such fa c to r  was the d iffe rence in hydrodynamic 
f low to which each electrode was exposed. This is  i l lu s t ra te d  in 
Figure G .l.  As can be seen from th is  f ig u re  each electrode surface 
was placed an equal distance from i t s  corresponding anode surface.
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However, because o f the way the electrode holders were designed the hydro­
dynamics in the area A to B were not the same as those in the corre­
sponding area C to D. I t  was very possible tha t some turbulence was 
present in the area A since th is  area was shielded from the so lu tion  
more than areas B, C and D. The magnetic s t i r r in g  bar shown in the 
f ig u re  was always located in the same manner w ith re la t io n  to the 
electrodes.
When looking at Figure 6.1 i t  would seem tha t between cathode 
number one and i t s  corresponding anode surface there would be be tte r 
hydrodynamic flow and thus i f  there v/ere a d iffe rence in the amount of 
copper deposited between the two cathodes then cathode number one 
would have the greatest amount o f deposit ( owing to a s l ig h t ly  be tte r 
current e f f ic ie n c y  ). This was indeed found to be the case experi­
m enta lly , w ith cathode number one having on the average 1 2% more 
copper deposited on i t  than was deposited on cathode number two.
I t  was also rea lized tha t w ith the present system the spacing 
o f the cathodes equally d is ta n t from the anode was impossible. This 
explained the d iffe rence in morphology and possibly the d iffe rence  in 
the amounts o f deposits.
A more important explanation o f the current e f f ic ie n c y  devia­
tions was f e l t  to l i e  in the method o f sample weighing. These weigh­
ings were made by f i r s t  weighing the sample and then applying the 
masking tape as explained in Appendix D. The sample was then reweighed. 
The etched sample was then reweighed to determine the amount o f weight 
loss due to etching. This amount lo s t  was used to correct the i n i t i a l
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weight o f the sample. A fte r  a te s t the sample was dried with a b las t 
o f a i r  and the tape was stripped o f f .  A f in a l  weighing was made and 
th is  weight together w ith the corrected i n i t i a l  weight was used to 
determine the weight o f deposit and therefore the current density.
This system was both tedious and susceptible to e rrors . These errors 
could combine to produce the resu lts  already noted.
One Cathode System
A new procedure was then used in which only one cathode was used, 
and only one gram o f copper was deposited ( tests  21 to 40, Table l .A ,  
Appendix A ). Changes were also made in the weighing procedures to see 
i f  more re l ia b le  resu lts  could be obtained. The only d iffe rence in pro­
cedure over the previous one was tha t a f in a l  weight o f the sample was 
also measured with the tape s t i l l  on. I t  was therefore possible to 
compare resu lts  using weights made without any tape and those w ith tape.
This procedure produced current e f f ic ie n c y  resu lts  which although 
were not in agreement w ith an acceptable trend they did not deviate as 
badly as in the previous tes ts . However, another phenomenon was encount­
ered. Current e f f ic ie n c ie s  o f greater than 100 % were obtained. These 
were obtained only when using those weights obtained w ith the tape s t i l l  
on the sample. Current e f f ic ie n c ie s  calculated by using weights obtained 
w ithout any tape d if fe re d  from those with tape and were cons is ten t ly  
lower. This could be eas ily  explained i f  the tape was porous enough to 
absorb some e le c tro ly te  and therefore i t s e l f  gain weight during a te s t .
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Absorb t io n and Dis so lu tion  Tests
Tests were then run to see i f  in fa c t  the tape was capable o f 
absorbing e le c tro ly te .  At th is  same time tests were also run to see i f  
any d isso lu t ion  o f copper might have occurred during the previous tes ts .  
I f  d isso lu t ion  had occurred th is  could explain the low e f f ic ie n c ie s  of 
low current de ns it ies , since at low current densities the samples had to 
remain in so lu tion  fo r  as long as twenty hours in order to obtain the 
same amount o f deposit as in higher current density tes ts .
Five electrode sample without any tape were suspended in a ce l l  
which was operating a t 30 amps/ft^ and which had an e le c tro ly te  o f 40 
gpl copper, 100 gpl H2 SO4 and a temperature o f 25 °C. The samples 
were kept in the so lu tion  fo r  a period o f 1387 minutes a f te r  which they 
were removed, rinsed and dr ied . The resu lts  show an average weight loss 
o f 11%. The re su lts  are shown in Table l.G .
TABLE l.G
Sample I n i t i a l  Final Weight % Wt 
Weight Weight Change Change
(g) (g) (g) (*)
1 3.11287 2.72447 -0.3884 -12.477
2 2.78374 2.45733 -0.3264 -11.725
3 3.11038 2.82100 -0.2894 - 9.304
4 3.15941 2.85355 -0.3059 - 9.681
5 3.20705 2.81842 -0.3886 -12.118
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The next step was to determine the rate o f d isso lu t ion  as a 
function  o f time. This was accomplished by using fourteen electrode 
samples tha t were taped arid etched in trie usual manner. An i n i t i a l  
weight w ith the tape on was used as was a f in a l  weight w ith tape.
The fourteen samples were suspended in a bath containing 40 gpl 
copper, 100 gpl H2 SO4 and at 25 °C. Two samples were removed every 
two hours. These samples were rinsed and a i r  dried and then allowed to 
dry fu r th e r  in a dessicator fo r  a period of twenty-four hours before a 
f in a l  weight measurement was made. The resu lts  are shown in Table 2.G 
and ind ica te  an average weight loss o f  0 . 0 2 % per hour.
Next tests  were run to ind ica te  the degree o f absorption i f  any. 
These tes ts  were run by using prepared electrode samples with tape and 
soaking them in d i s t i l l e d  water fo r  a twenty-four hour period. A fte r  
removal from the water they were dried in a b las t o f a i r  and weighed. 
They were then allowed to dry in a dessicator fo r  twenty-four hours and 
then reweighed. The resu lts  are shown in Table 3.G and ind ica te  a small 
degree o f absorption.
The net re s u lt  o f a l l  o f these tests was an ind ica tion  tha t a 
change in procedure was necessary. The f in a l  procedure tha t was used is  
ou tlined  in the main te x t .  The data fo r  tests 1 to 40 l is te d  in Table 
l .A ,  Appendix A, are those tests in which the trouble in experimental 
procedure was rea lized . The data fo r  these tests was not used in any 
way in the resu lts  o f the empirical experiments. They are l is te d  only 
fo r  the bene fit  o f the reader.














1.1 2 -0.0017 -0.0404 0 . 0 2 0 2
1 . 2 2 - 0 . 0 0 2 1 -0.0510 0.0255
2 .1 4 -0.0027 -0.0648 0.0162
2 . 2 4 -0.0036 -0.0851 0.0213
3.1 6 -0.0040 -0.0917 0.0153
3.2 6 -0.0048 -0.1134 0.0189
4.1 8 -0.0062 -0.1431 0.0179
4.2 8 -0.0071 -0.1663 0.0208
5.1 10 -0.0085 -0.1973 0.0197
5.2 10 -0.0093 -0.2165 0.0216
6 .1 12 -0.0082 -0.1920 0.0160
6 . 2 12 -0.0106 -0.2458 0.0204
7.1 72 -0.0547 -1.2564 0.0174
7.2 72 -0.0718 -1.6958 0.0235




Sample Weight Change % Change Weight Change % Change 
A i r  Dry (g) Dessicator (g)
1.1 +0.0052 +0.1205 +0.0010 +0.0231
1.2 +0.0055 +0.1311 +0.0010 +0.0247
2.1 +0.0054. +0.1279 +0.0012 +0.0296
2.2 +0.0058 +0.1346 +0.0014 +0.0326
3.1 +0.0058 +0.1332 +0.0023 +0.0530
3.2 +0.0046 +0.1076 +0.0020 +0.0468
4.1 +0.0054 +0.1243 +0.0022 +0.0505
4.2 +0.0056 +0.1329 +0.0023 +0.0543
5.1 +0.0060 +0.1387 +0.0021 +0.0485
5.2 +0.0061 +0.1441 +0.0024 +0.0565
6.1 +0.0066 +0.1529 +0.0021 +0.0496
6.2 +0.0064 +0.1488 +0.0024 +0.0558
7.1 +0.0067 +0.1569 +0.0028 +0.0651
7.2 +0.0066 +0.1573 +0.0025 +0.0605
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Calcu la t io n  of Current E f f i c ie n c i_os__l/i_t11_ D'isso lu t i o n Considcrod
In a l l  of  the low current density tests i t  was found that the 
current e f f ic ie nc ie s  were lower than those fo r  the .higher current density 
tes ts .  The cause fo r  tin's anomalous behavior was a t t r ibu ted  to re d is ­
so lu t ion .  In order to snow th i s ,  calcu lat ions were made using data 
from tests  76 to 82 which were a l l  made at a low current density
p
( 19.1 amps/ft ) and fo r  time periods that were of  the order o f  24 
hours. A sample ca lcu la t ion  is given below and the resu l ts  are shown in 
Table 4.G.
These resu l ts  show that  i f  some allowance is  made fo r  red isso lu­
t ion  having occurred then the current e f f ic ie nc ies  are more in accord 
with what should be expected, i . e .  an equal or higher current e f f ic ie ncy  
than those determined at higher current densi t ies. I t  should be noted 
when looking at the resu l ts  in Table 4.G that  although they show current 
e f f ic ie n c ie s  greater than 100 % these resu l ts  are only comparit ive and 
not absolute values. They were calculated using an average d isso lu t ion  
rate o f  0.020 %/hr. In actual pract ice the d isso lu t ion rate may have 
been lower than th is  value and indeed i t  would take only a s l i g h t l y  
smaller d isso lu t ion  rate to give current e f f ic iency  values below 100%.
Sample Calcu la t ion
For te s t  number 76 and using an average d isso lu t ion rate of  
0.020 %/hr then:
Time of  tes t  = 24.05 hours 
Weight of  deposit  = 5.279 g 
Theoretical weight of  deposit  = 5.437 g
T-1418 211
Percent d isso lu t ion  = 24.05 hr x 0.020 %/hr = 0.481 %
Corrected weight o f  deposit  = 1.048 x 5.279 = 5.532 g 
Corrected current e f f ic ie ncy  =(5.532 g /  5.437 g) x 100 = 101.6 %
TABLE 4.G
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E f f i c .  
(%)
76 24.05 97.1 5.279 5.437 5.532 101.6
77 25.05 97.2 5.512 5.671 5.960 105.1
78 23.75 97.2 5.228 5.380 5.480 101.8
79 23.85 97.4 5.255 5.395 5.510 102.2
80 23.92 97.5 5.278 5.411 5.530 102.3
81 23.68 97.6 5.228 5.358 5.470 102.1
82 71.08 97.3 15.660 16.092 17.880 111.1
* An example of  resul ts  is given only fo r  tests  76 to 82.
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APPENDIX H 
Preparation of Agar Gel
The agar gel used as a s a l t  bridge in the po lar iza t ion  exper­
iments was prepared in the fo l lowing manner.
Preparat ion
Warm a f lask  containing 4 g agar and 90 ml of  water using a 
double b o i le r  arrangement. When the agar is  completely dissolved add 
30 g o f  potassium chlor ide ( KC1 ) and s t i r  throughly. S o l id i f ie d  
gel should be white in co lor .  Use a good grade of  agar in order to 
obtain the best resu l ts .  When the potassium chlor ide has dissolved 
p ipet te  the l i q u id  gel in to the probe. Allow the gel to set-up 
before using ( th is  requires a period o f  approximately 10 minutes).
Precautions
Special precautions should be taken in order to insure that the 
probe does not dry out. This is best prevented by keeping both ends 
immersed in a so lu t ion of  saturated potassium ch lor ide.  Never use 
d i s t i l l e d  water fo r  th is  purpose as i t  leaches the potassium chloride 
from the gel and reduces the effect iveness of  the probe by increasing 
i t s  resistance.
Best resu l ts  are also obtained when the gel in the probe con­
ta ins as few a i r  bubbles as possible. The entrapment of a i r  bubbles
212
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can be minimized by get t ing the gel as f l u i d  as possible before 
introducing i t  in to  the probe ( however, do not al low the gel to 
overheat as th is  w i l l  cause i t  to burn and again be less e f fec t ive  ).
Any gel that  is  not used in the probe can be saved by keeping i t  
stored in an a i r  t i g h t  container. To use the gel a f te r  storage remelt 
i t  in the same double b o i le r  arrangement. Occasional ly during the 
remelting process i t . i s  necessary to add a few drops of  saturated 
potassium chlor ide so lu t ion in order to get the gel s u f f i c i e n t l y  f l u i d .
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APPENDIX I
Examples Gf Corrections Made To Polar izat ion Data
Al l  the experimental data from the po lar iza t ion  tests were pro­
cessed in three d i s t i n c t  steps in order to ar r ive  at what was considered 
the f in a l  form o f  the data.
Step Number One
The f i r s t  step was to correct the potentia l  readings fo r  the e r ro r  
tha t  was present in the electrometer used in the measurements. I t  was 
found by comparing the electrometer to a secondary standard tha t  the 
electrometer cons is tent ly  read values that were lower tiian the actual 
po ten t ia l .  The deviat ion was d i f f e re n t  fo r  the various ranges on the 
electrometer. For th is  reason i t  v/as necessary to correct the poten­
t i a l  readings according to the range upon which i t  had been read. Cor­
rect ions were made via computer and the correct ion factors fo r  each 
range are as fo l lows:
0 - 1 0 0  m i l l i v o l t s ,  no fac to r  
100 - 300 m i l l i v o l t s ,  1.026
300 - 500 m i l l i v o l t s ,  1.031
500 - 700 m i l l i v o l t s ,  1.024
700 - 999 m i l l i v o l t s ,  1.022
The program used fo r  these correct ions is l i s te d  in Appendix F, Program
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dumber One. An example o f  the changes in po ten t ia ls is  shown in Table 
1.1 using data from tes t  number 33.
SJaajt Number Two
The second step in the correct ion process was to take the data 
from step number one and correct fo r  the IR drop that  occurred between 
the t i p  o f  the Luggin-Haber probe and the electrode surface.
This ohmic potentia l  drop was f i r s t  recognized by F.P. Bowden 
and J.N. Agar ( Agar and Bowden, 1938 }. They referred to i t  as 
"resistance overpo ten t ia l " .  This term is cur ren t ly  being replaced by 
the more correct term of  "resistance po la r iza t ion " .  This ohmic poten­
t i a l  drop in no way inf luences the electrode process and l ikewise is 
not inf luenced by the electrode process. I t  is only a function o f  the 
conduct iv i ty  of  the e le c t ro ly te  and the appl ied current.  However, i f  
the true overvoltage values are to be known i t  is necessary to compensate 
fo r  the resistance po la r iza t ion .  This is especia l ly  true fo r  po tentia ls  
read at higher current densi t ies.
For a system in which the electrode is a plane surface and the 
t i p  o f  the probe is separated from the electrode surface by a distance 1, 
then the resistance po la r iza t ion  w i l l  be :
R = 1 • i / k m i l l i v o l t s
Where i is the current density ( ma/cm^ ) ,  k is the spec i f ic  conduct iv i ty  
( ohnrVcm ) and R is the resistance po lar iza t ion  ( m i l l i v o l t s  ).
This method of correct ing fo r  the resistance po lar iza t ion  depends 
on two assumptions, which fo r  the case at hand, should be appl icable. 
F i r s t ,  th is  method of  correct ion assumes that  the conduct iv i ty  o f  the
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elec j te is constant betv/een the t i p  of  the probe and the surface 
of  the electrode. I t  is known that th is  is not absolutely true since 
there are concentration changes in th is  region. However, fo r  these 
experiments th is  assumption w i l l  introduce very l i t t l e  er ror .
A second assumption is  that  the e lec t ro ly te  is of  the "no 
migrat ion" type. This means that there must be an excess of  some elec­
t r o l y t e .  In th is  case there was an excess of s u l fu r i c  acid.
The reader is referred to the fo l lowing references fo r  more de­
t a i l s  on the subject of  resistance po la r iza t ion :  ( Barnart t ,  1952 ) ,  
(Barnar t t ,  1961 ) and ( Sundheim, 1968 ).
An example o f  the changes in the data when the correct ions fo r  
resistance po la r iza t ion  are made is shown in Table 2.1. A graphic 
i l l u s t r a t i o n  is shown in Figure 1.1 in which the top curve is the 
data corrected only fo r  the electrometer errors and the bottom curve 
is the data when the resistance po lar iza t ion  correct ions are made.
The data fo r  Table 2.1 and Figure 1.1 is again from tes t  number 33.
Step Number Three
The th i r d  step in the process of correct ing the experimental data 
was to take the data from step number two and use a 1east-squares method 
fo r  curve f i t t i n g .  This was done by using e i the r  of the two programs 
l i s te d  in Appendix F. Table 3.1 and Figure 1.2 show the resu l t ing  
changes ( data taken from tes t  number 33 ).
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TABLE 1 .1
E l e c t r o m e t e r  C o r r e c t i o n s  For  T e s t  Number 33
Measured Corrected Measured Corrected
Potential  Potential  Potential  Potential
( m v )  ( n i v )  ( m v )  ( m v )
74.0 75.0 185 189.8
75.0 76.0 195 200.1
76.5 77.5 205 210.3
78.0 79.0 217 222.6
80.0 81.0 230 236.0
81.0 82.0 242 248.3
87.0 88.0 253 259.6
91.5 92.5 264 270.9
95.5 96.5 276 283.2
99.5 100.5 288 295.5
101 103.6 299 306.8
104 106.7 307 316.5
107 109.8 318 327.8
111 113.9 327 337.1
114 117.0 336 346.4
130 133.4 350 360.8
145 148.8 380 391.8
159 163.1 415 427.9
171 175.4 440 453.6
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TABLE 1.1 ( cont. )
Measured Corrected Measured
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TABLE 2 .1
Res is t ance Pol a r i z at ion Corrections For  Test Humber 33
Current Current IR Drop Measured Corrected 
(ma) Density (mv) Potential  Potential
(ma/cm2) (mv) (mv)
0.1 0.089 0.202 75.0 74.8
0.2 0.179 0.40 76.0 75.6
0.4 0.357 0.81 77.5 76.7
0.6 0.536 1 .21 79.0 77.8
0.8 0.715 1 .61 81.0 79.4
1.0 0.893 2.02 82.0 80.0
2.0 1.787 4.04 88.0 84.0
3.0 2.680 6.06 92.5 86.4
4.0 3.574 8.08 96.5 88.4
5.0 4.467 10.09 100.5 90.4
6.0 5.360 12.11 103.63 91.5
7.0 6.254 14.13 106.70 92.6
8.0 7.147 16.15 109.78 93.6
9.0 8.041 18.17 113.89 95.7
10 8.934 20.19 116.96 96.8
15 13.401 30.28 133.38 103.1
20 17.868 40.38 148.77 108.4
25 22.335 50.47 163.13 112.6
30 26.802 60.57 175.45 114.9
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T a b l e  2 . 1  ( c o n t . )
Current Current IR Drop Measured Corrected 
(ma) Density (mv) Potential  Potential
(ma/cm ) (mv) (mv)
35 31.269 70.66 189.81 119.1
40 35.737 80.76 200.07 119.3
45 40.204 90.85 210.33 119.5
50 44.671 100.95 222.64 121.7
55 49.138 111.05 235.98 124.9
60 53.605 121.14 248.29 127.1
65 58.072 131.44 259.58 128.3
70 62.539 141.33 270.86 129.5
75 67.006 151 .43 233.83 131.7
80 71.473 161.52 295.49 134.0
85 75.940 171.62 306.77 135.1
90 80.407 181.71 316.52 134.8
95 84.874 191.81 327.86 136.0
100 89.432 201.90 337.14 135.2
105 93.809 211 .10 346.42 134.4
110 98.276 222.09 360.85 138.7
125 111.677 252.33 391.73 139.4
140 125.078 282.66 427.86 145.2
150 134.012 302.85 453.64 150.8
160 142.946 323.04 479.41 156.3
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TABLE 3 .1
C u r v e  F i t t e d  D a t a  
(  t h i r d  d e g r e e  e q u a t i o n  )
O b s e r v e d  P r e d i c t e d
C u r r e n t  O v e r v o l t a g e  O v e r v o l t a g e  
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A P P E N D I X  J  
E x a m p l e  I l l u s t r a t i o n s  o f  S u r f a c e  I n d e x e s
T h e  f o l l o w i n g  p h o t o g r a p h s  a r e  e x a m p l e  i l l u s t r a t i o n s  o f  a c t u a l  
e l e c t r o d e  s u r f a c e s  h a v i n g  d i f f e r e n t  s u r f a c e  i n d e x e s .  T h e  p h o t o g r a p h s  
a r e  l i s t e d  i n  a s c e n d i n g  o r d e r  o f  s u r f a c e  i n d e x e s .  A l o n g  w i t h  e a c h  
p h o t o g r a p h  i s  a  l i s t  o f  t h e  s u r f a c e  i n d e x ,  t h e  t e s t  n u m b e r  a n d  t h e  
m a g n i f i c a t i o n  o f  t h e  p h o t o g r a p h .
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FIGURE J . l
Surface Index = 
Test Number 76 
Magnif icat ion 8
FIGURE J.2
Surface Index = 
Test Number 81 
Magnif icat ion 8
FIGURE J .3
S u r f a c e  I n d e x  =
T e s t  Number 104
M a g n i f i c a t i o n  8
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FIGURE J .4
Surface Index = 2. 
Test Number 124 
Magnif icat ion 8
FIGURE J.5
Surface Index = 3. 
Test Number 117 
Magni f icat ion 8
* " \ ' i
FIGURE J .6
S u r f a c e  I n d e x  = 4 .
T e s t  Number 61
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FIGURE J . 7
Surface Index = 4 
Test Number 135 
Magni f icat ion 8
FIGURE J .8
Surface Index = 5 
Test Number 74 
Magni f icat ion 8
FIGURE J .9
S u r f a c e  I n d e x  = 6 .
T e s t  Number 90
M a g n i f i c a t i o n  8
l
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FIGURE J.10
Surface Index = 7.0 
Test Number 138 
Magnif icat ion 8
FIGURE J . l l
Surface Index = 8.0 
Test Number 119 





S u r f a c e  I n d e x  = 9 . 0
T e s t  Number 106
M a g n i f i c a t i o n  8
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FIGURE J .13
Surface Index = 
Test Number 144 
Magnif icat ion 8
FIGURE J . 14
Surface Index = 16. 
Test Number 75 
Magnif icat ion 8
FIGURE J .15
S u r f a c e  In d e x  = 17.
T e s t  Number 66
M a g n i f i c a t i o n  8
V  k  I  W* ^  ^  V r w \  Mtm  a  —  M l m  * ^ .m
*  V *  -
>; t t W
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FIGURE J . 16
Surface Index = 
Test Number 133 
Magnif icat ion 8
FIGURE J .17
Surface Index = 
Test Number 140 
Magnif icat ion 8
FIGURE J .18
S u r f a c e  I n d e x  = 2 0 . 0
T e s t  Number 146
M a g n i f i c a t i o n  8
